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Abstract: This work combines three approaches to study metal ion interactions with ribonucleic acid
(RNA). The model systems used are large catalytic RNAs known as group II intron ribozymes. First,
metal ion binding sites were located on the ribozyme sequence Av.D135 using the Tb3+-cleavage tech-
nique and the results were compared to an analogous study on the ribozyme Sc.D135. Second, the
influence of binding of several metal ions on the local bulge structure of domain 5 (D5, a ribozyme
subelement) was studied. The D5 bulge becomes unstacked upon binding of all divalent metal ions tested
as indicated by the increasing fluorescence of the 2-aminopurine reporter group located in the bulge. The
last section - the highlight in this work - describes a colorful fluorescence study of the structure and
dynamics of the multidomain molecules Sc.D135 at the single molecule fluorescence level. The riboyzmes
show three individual conformational states along the folding pathway that are in dynamic equilibrium
connected by small energy barriers. With increasing Mg2+ concentrations, the molecule’s dynamics in-
crease, enabling the ribozyme to reach the active state. The results permit the characterization of distinct
effects of individual metal ions on RNA and imply a new paradigm for large RNA folding. Diese Arbeit
beschreibt drei Ansätze zur Untersuchung des Zusammenspiels von Metallionen und Ribonukleinsäure
(deutsch: RNS, englisch: RNA). Die hierbei verwendeten Modellsysteme sind grosse katalytische RNAs
bekannt unter dem Namen Group II Intron Ribozyme. Zuerst wurden mit der Tb3+-Spalttechnik die
Stellen in der Ribozymsequenz von Av.D135 bestimmt, die Metallionen an sich binden. Die Resultate
wurden mit einer analogen Studie am Ribozym Sc.D135 verglichen. Danach wurde der Einfluss der
Bindung verschiedener Metallionen auf die lokale Struktur der Domäne 5 (D5, ein kleines Teilstück aus
dem Ribozym) analysiert. Durch die Bindung von divalenten Kationen wird die D5 Bulge zunehmend
entstapelt, wie durch die ansteigende Fluoreszenz der 2-Aminopurin Reportergruppe festgestellt werden
konnte. Der letzte Abschnitt - das Highlight dieser Arbeit - ist eine farbenfrohe Fluoreszenz-Studie der
Ribozymstruktur und -dynamik an einzelnen Sc.D135-Molekülen. Die Ribozyme zeigen drei verschiedene
konformationelle Zustände während des Faltungsprozesses, welche im dynamischen Gleichgewicht und
durch kleine Energiebarrieren verbunden sind. Ansteigende Mg2+ Konzentrationen bewirken eine Zu-
nahme der Ribozymdynamik, wodurch die RNA-Moleküle den aktiven Zustand erreichen können. Die
Ergebnisse zeigen die Einflüsse individueller Metallionen auf RNA und beschreiben einen neuen Fal-
tungsmechanismus für grosse RNA Moleküle.
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1x TE  10 mM TrisHCl, pH 7.5, 1 mM EDTA 
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Av.  Azotobacter vinelandii 
D135 domains 1, 3 and 5 
DTT (2S, 3S)-1,4-bissulfanylbutane-2,3-diol, dithiothreitol 
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This work combines three approaches to study metal ion interactions with ribonucleic 
acid (RNA). The model systems used are large catalytic RNAs known as group II intron 
ribozymes. First, metal ion binding sites were located on a ribozyme sequence. Second, the 
influence of binding of several metal ions on the local structure of a ribozyme subelement was 
studied. The highlight in this work is a colorful fluorescence study of the structure and 
dynamics of the full-length molecules at the single molecule fluorescence level. The results 
permit the characterization of distinct effects of individual metal ions on RNA and imply a 




Diese Arbeit beschreibt drei Ansätze zur Untersuchung des Zusammenspiels von 
Metallionen und Ribonukleinsäure (deutsch: RNS, englisch: RNA). Die hierbei verwendeten 
Modellsysteme sind grosse katalytische RNAs bekannt unter dem Namen Group II Intron 
Ribozyme. Zuerst wurden Stellen in der RNA Sequenz bestimmt, die Metallionen an sich 
binden. Danach wurde der Einfluss der Bindung verschiedener Metallionen auf die lokale 
Struktur eines kleinen Teilstücks aus dem Ribozym analysiert. Das Highlight der Arbeit ist 
eine farbenfrohe Fluoreszenz-Studie der Ribozymstruktur und -dynamik an einzelnen RNA-
Molekülen. Die Ergebnisse zeigen die Einflüsse individueller Metallionen auf das Ribozym 






1.1 RNA: Pieces of genetic information 
Genetic information of every organism out of the three domains of life (bacteria, archae 
and eucaryotes)[1] is stored in the form of deoxyribonucleic acid (DNA) in the morphologic 
unit of life, the cell. There, DNA is carefully maintained and protected from potential damage 
and only comes in contact with selected molecules for specialized purposes, the most 
important of which are reproduction/growth and the realization of genetic information for 
proper function of the organisms. For replication, the DNA is duplicated in an enzymatically 
mediated process to equip the daughter cells with a full set of DNA molecules before cell 
division. For expression of genetic information, a complex regulatory system controls the 
read-out of specific information depending on the need of the cells.  
The DNA consists of a multitude of fragments called genes that contain information for a 
specific cellular function. In a first step for expression of a gene, the DNA serves as a 
template for the synthesis of ribonucleic acid (RNA) by the enzyme RNA polymerase in a 
process called transcription. The RNA molecules generated during transcription accomplish a 
variety of purposes. In the literature, RNA was first described for its involvement in protein 
synthesis.[2] RNA was found together with proteins in particles at the site of protein synthesis 
and was later on reported to provide the sequence information for the ribosome to link amino 
acids in the correct order to form proteins during translation.[3] This information gave rise to 
a basic scheme for transfer of genetic information (Figure 1) that became known as the dogma 
of biochemistry. Therein, DNA is considered to serve exclusively for storage of genetic 
Figure 1. Transfer of genetic information – the dogma of biochemistry. DNA is duplicated before cell
division to equip the daughter cells with a full set of DNA molecules, i.e. chromosomes. For expression of
genetic information, DNA is transcribed into RNA, which is then translated into proteins. DNA serves for
information storage, RNA represents the messenger and proteins implement function. 
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information, whereas the proteins provide some of the structural elements to build up the cell 
and represent the functional molecules that carry out the multiple enzymatic tasks needed in a 
living organism. RNA fills the role of intermediate messenger function that connects the 
clearly separated domains of storage (DNA) and structure/function (protein).  
In reality, this simplified linear basic scheme is extended and refined by multiple 
processing activities at every step and every stage, e.g. RNA editing, capping and splicing, co- 
and posttranslational protein modification. Additionally, not every RNA molecule that is 
generated ultimately results in expression of a protein. RNA is also found to serve diverse 
structural or functional roles, often in complex with proteins that perform most elementary but 
very sophisticated functions, i.e. in the ribosome or the spliceosome. Therefore, RNA is found 
to be an important interposing key player along the way from storage to function and beyond. 
This work deals with a specific RNA molecule as an example of the fascinating complexity of 
processes developed in nature. 
 
1.2 The RNA world hypothesis  
DNA and proteins have been known and studied for quite some time, whereas the 
existence of RNA has only been approved a comparatively short time ago. RNA molecules 
are transcribed depending on the cell’s needs at a certain point in time and disappear quickly 
upon degradation, e.g. after information transfer. This transient nature has made RNA 
difficult to detect, and the multiple functions of RNA are still being discovered as we go. 
Today, RNA molecules are known to act in various cellular processes like maintenance, 
transfer and processing of genetic information or cell development. RNA molecules are 
divided into classes according to their function. Some classes are described below: 
• Messenger RNA (mRNA) and transfer RNA (tRNA) are involved in protein-synthesis. 
• Ribosomal RNA (rRNA)[4] make up important components of the ribosome and 
therefore, the protein synthesis machinery of the cell. 
• Small nuclear RNA (snRNA) are present in the spliceosome complex,[5] which plays 
an important role in RNA processing. 
• Small RNAs (21-28 nts) like small interfering RNA (siRNA)[6, 7] take part in cell 
development through gene regulation. 
• Micro RNA (miRNA)[8, 9] interact with and influence the translation and degradation 
of their target mRNA. 
2 
1. Introduction 
• The most recent finding identified the RNA group of riboswitches to be involved in 
gene regulation.[10, 11] 
Apart from mRNA, all these RNA molecules are non-coding, meaning that no protein 
will ultimately origin from the RNA sequence.  
In the early 80ties, pioneering studies described the ability of RNA molecules to provide 
catalytic activity in living cells without the help of amino acids.[12, 13] Before, protein 
enzymes were thought to be the sole catalytic workers to conduct the intermediate steps from 
DNA to proteins and for self-replication. Yet, RNA enzymes – in short ribozymes – occur 
among most of the RNA subgroups mentioned above. The natural catalytic reaction of 
ribozymes is a reversible phosphodiester transfer reaction of internucleotide bonds (hydrolysis 
or transesterification),[14, 15] which results in generation of two separate strand originating 
from a continuous polymer or vice versa. Additionally, ribozyme catalyzed reactions are also 
observed at carbon centers,[16, 17] i.e. peptide bond formation.[18] By precise positioning of 
nucleotides (nts) and possible additional components in the catalytic core, this reaction can be 
designed to be site-specific. In vitro selection and evolution have also generated ribozymes 
that are able to accelerate additional reactions, e.g. carbon-carbon bond formation by the 
Diels-Alder ribozyme,[19, 20] and further contribute to the vast catalytic repertoire of 
ribozyme reactions. 
The ability of RNA to carry genetic information in viruses plus the finding that RNA 
itself is able to perform catalytic activity similar to enzymes has lead to the RNA world 
hypothesis in 1986, in which the earliest form of life relies on RNA only.[21] RNA combines 
both informational and catalytic properties for self-replication in a single molecular species. 
Therefore, RNA might reflect an ancestor molecule, from which DNA and proteins have 
evolved. In a first step, proteins were generated as more efficient and faster enzymes than the 
RNA counterparts. At a later state, DNA was generated by reverse transcription to represent a 
more stable form for storage of information than RNA. DNA is error-correcting because of its 
double-stranded structure but still capable of mutation and recombination. As information on 
the diverse functions of RNA is growing and further constitute pieces of the origin of life 
puzzle, this hypothesis has so far not been contradicted.[22]  
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1.3 RNA chemical structure and base pair formation 
1.3.1 Nucleotides and polymerization 
The basic components of RNA are sugar residues, phosphoryl groups and the four nucleic 
acids adenine (A), cytosine (C), guanine (G) and uracil (U). The ribose sugars are covalently 
linked to the nucleobases at their 1'-positions and carry a 5’-triphosphate group to make up 
the nucleotide triphosphate (NTP) 
building blocks ATP, CTP, GTP 
and UTP (Figure 2a). A RNA 
polymer of various sequence and 
length is synthesized by RNA 
polymerase using a DNA template 
and NTPs. The free 3'-OH at the 
end of a RNA strand attacks the 
α−P of the incoming NTP, 
resulting in attachment of the next 
base to the RNA polymer in a 3'-5' 
linkage. The cleavage of the 
triphosphate followed by release of 
pyrophosphate (Figure 2b) and its 
subsequent hydrolysis to inorganic phosphate during RNA synthesis energetically drives the 
polymerization reaction and renders it irreversible. The carbon atom numbering scheme in the 
base moiety (1'-5') imposes a direction on the RNA. The nucleotides of an RNA sequence are 
conventionally listed in the 5'-3' linkage direction and the ribose numbering scheme assigns 
the first 5'- and the last 3'-substitution of an RNA polymer to the 5'- and 3'-ends, respectively.  
Figure 2. Nucleotide triphosphates (NTP) and polymerization. a
Chemical depiction of adenosine triphospate (ATP) and its
subunits. b Elongation of an RNA polymer by one nucleotide
base (B). Polymerization reaction is catalyzed by RNA
polymerase and releases pyrophosphate (PPi). 
 
1.3.2 Base pairing 
Nucleotides are able to form specific pairs following a hydrogen bonding pattern that is 
dependent on the appropriate geometry of the hydrogen bond donors and acceptors in the 
bases. For the most common and stable basepairs, A pairs with U or thymine (T, in DNA), 
and G pairs with C in a canonical Watson-Crick (WC) type fashion (Figure 3a, b). In RNA, 
further base pairing schemes like the G●U wobble (Figure 3c) and (reverse) Hoogsteen base 
pairs are important for the formation of complex three dimensional structures, too. The 
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hydrogen bonding results in increased stabilization of the macromolecules and leads to the 
fact that nucleic acids often consist of two strands of paired nucleotides, in which the 
sequence of one strand implies the sequence of the other rendering the strands 
complementary. Formation of a daughter DNA molecule during replication and RNA 
formation during transcription relies on this complementarity and determines the nucleotide 
sequence in the newly synthesized strand. Furthermore, base pairing is the mechanism by 
which codons on mRNA are recognized by anticodons on tRNA during protein translation, 
and there are DNA- and RNA-binding proteins that specifically recognize base pairing 
patterns and identify specific regions of interests. 
 
 
Figure 3. Common basepairs in RNA. a Hydrogen bonds formed between adenine and
uracil in the A-U Watson-Crick type basepair. b Watson Crick type G-C basepair. c G●U
wobble basepair. 
1.3.3 Double helices in RNA and DNA 
RNA is a structural analog of DNA, but differs from DNA in that  
a) RNA uses an unmethylated form of thymine (T) called uracil (U) as a building block, 
b) RNA contains an additional 2’-hydroxyl group on the ribose subunit (DNA: 
deoxyribonucleic acid, RNA: ribonucleic acid) 
c) RNA molecules are usually much shorter in length than DNA and RNA is often in 
single stranded (ss) form for its biological roles, whereas DNA is double stranded (ds). 
Double stranded RNA (dsRNA) regions generally adopt an A-form helix, whereas 
dsDNA exists in the well-known B-form helix described by Watson and Crick (Figure 4a, 
b).[23] The A-form helix of RNA (Figure 4c) has a diameter of about 26 Å and eleven 
basepairs per turn at a pitch of 30 Å.[24] This helix is characterized by a deep, narrow major 
groove and a shallow, wide minor groove. The shallow minor groove provides a suitable 
platform for interactions with various partners. Additionally, the nucleobase pairs are tilted by 
14° normal to the helix axis of the double strand, which gives rise to the typical hole in the 
middle of the double helix when looking down the helix axis (Figure 4d). Due to the subtle 
differences mentioned above, RNA displays a more flexible molecule than DNA and is able 
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to adopt helical structures of sequence complementary stretches as well as single stranded 
three-dimensional architectural motifs like loops, turns and bulges, all within one single 
polymer chain. [25] 
Figure 4. Helices formed by hydrogen bonding of ribonucleotide polymers. a B-form DNA helix. The two
separate strands are shown in grey and light blue. b DNA helix from a, view from above. c double stranded
RNA helix (A-form). The strands are shown in purple and pink. d RNA helix from c viewed from above.
Figure is adapted from [25]. (Diss Michele) unsichtbar machen in text. 
 
1.4 Metal ions in RNA folding and catalysis 
The negatively charged phosphate-sugar backbone turns the RNA into a polyanion. 
Starting from this highly charged random coil structure, RNA forms the secondary as well as 
a tightly packed tertiary structure, in which negative charges accumulate in close space. 
Obviously, there is a need for a neutralizing agent with positive charges of high density to 
stabilize the structure of higher order. First and foremost, this task is met by metal cations.  
The major task of electrostatic relaxation of the backbone occurs independently of the 
metal ion identity but tends to be taken over by monovalent metal ions, i.e. K+ and Na+.[26-
28] These interactions are mainly unspecific and allow the formation of secondary structure. 
Tertiary compaction on the other hand generally involves essential interactions with 
specifically bound and dehydrated metal ions of higher valency, e.g. Mg2+, to correctly orient 
the structural elements in space.[29, 30] Yet in some cases, specific monovalent ions can also 
be important for this task.[28, 31, 32] Furthermore, polycharged organic cations like spermine 
and RNA binding proteins can replace metal ions to form higher order structures. 
In addition to the obvious implications in folding of RNA, metal ions have been 
described to be required for chemistry of many ribozymes. Divalent ions act as the most 
catalytic effective cofactors. These ions are found within the active site of ribozymes, where 
they directly take part in acid-base catalysis,[33-35] or generally facilitate formation of 
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transition states.[36] Therefore, these ribozyme are divalent metal ion dependent ribozymes. 
Yet this is not an universal concept, since the catalysis can be stimulated in the absence of 
Mg2+ in certain ribozymes.[37] In these cases, Mg2+ or other divalent metal ions are not 
specifically involved in the chemical mechanism of catalysis. Nevertheless, ribozymes are 
always associated with metal ions and therefore, metalloribozymes in a more general term. 
The number of potential metal ion binding sites on RNA is large. All four nucleotides 
provide several donor atoms for metal ion coordination, i.e. the atoms of the phosphodiester 
linkage, the carbonyl oxygens and all the unprotonated nitrogen atoms in the bases.[38] At 
physiologic pH, these atoms are deprotonated and accessible for metal ion binding. The 
coordination sites in RNA show a lower affinity for metal ion binding compared to sites in 
proteins (sulfides in Cys, the imidazole moiety in His and carboxylates in Asp and Glu).[38] 
As a result, the metal ion binding in RNA is generally nonspecific and dynamic.[38] In 
addition, there are at least four ways for metal ions to bind to RNA (nonspecific charge 
screening ions, electrostatically localized ions, inner- or outer-sphere site-bound ions) and 
metal ions can only rarely be categorized into strictly one of these classes.[38-40] The identity 
of the metal ion that binds the RNA is of great importance and interest, too, since every metal 
ion behaves differently in terms of binding strength, coordination preferences and size.[41] 
Taken together, RNA molecules are always associated with metal ions.[42-45] The 
common natural cofactors are K+ and Mg2+, since they are the most abundant metal ions in the 
cell. They serve to compensate negative charges in the backbone, promote structural 
stabilization and are frequently involved in the chemical mechanism of catalysis. The binding 
of mono- and divalent metal ions to nucleic acids for successful folding and catalysis is 
complex and only beginning to be understood as it is a subject of current research.[38, 44, 46] 
Divalent metal ions are often essential for folding and catalysis of ribozymes, although they 
can in some cases be replaced by high concentrations of monovalent metal ions.[47]  
 
1.5 RNA folding 
1.5.1 RNA folding motifs/elements 
One basic architectural element in RNA structure is the A-form helix. Helical regions 
have a high thermodynamic stability that can be calculated with reasonable accuracy and is 
used in models for prediction of RNA structure. The formation of proximal, partially self-
complementary regions provides the basis for the arrangement of the secondary structure and 
the partitioning of the molecules into domains. Once the helical regions (Figure 5a) are 
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defined, further structural 
elements become apparent 
at the secondary structure 
level. Such RNA motifs are 
terminal or hairpin loops 
(Figure 5b), i.e. tetraloops,[48] bulges (Figure 5c),[49] internal loops (Figure 5d),[50] and 
multihelix or junction loops (Figure 5e), i.e. pseudoknots,[51] just to mention a few. These 
elements might be stable on their own or interact with a corresponding element to form short- 
or long-range tertiary interactions that organize and define the overall RNA architecture and 
3D structure.  
Figure 5. RNA motifs. a helical region, b terminal/hairpin loop (6 nt), c 2
nt bulge, d internal bulge, e multihelix junction. 
 
1.5.2 RNA folding pathways 
RNA molecules fold into a variety of complex shapes for their distinct biological activity. 
The nucleotide polymer chain not only includes the sequence information, but also defines the 
secondary, as well as the tertiary structure for proper function. The focus in RNA folding 
studies is on the mechanistic relation between the 
sequence and the functional, three dimensional 
structure. A molecule folds into its native 3D 
structure starting from random coil in a specific 
way within a short time of milliseconds to minutes 
rather than sampling all possible folded species. 
This is a process that would take far too long for a 
molecule designated to adapt to fast changing 
conditions for survival of an organism. This 
thought has been described by the Levinthal 
paradox for protein folding, and the considerations 
can also be adopted to RNA folding.[52] 
Generally, RNA folding is a hierarchical process, 
in which secondary elements form before the 
tertiary structure is built by formation of weak 
long-range interactions,[53] although later 
rearrangements of secondary structure elements 
are sometimes possible.[54] Generally, tertiary 
Figure 6. Section of funnel diagram showing
RNA energy landscape and parallel folding
pathways. Three possible folding channels A
(low Na+), B (intermediate Na+) and C (high
Na+), starting from different points at the rim
of the funnel, along with collapsed (Ic) and
trapped (Itrap) intermediates, as well as
misfolded (M) species and the native state
(N) are shown. The vertical dimension
indicates the free energy, and the relief is
made up of internal free energy barriers. The
figure is a schematic depiction of folding of
the Tetrahymena ribozyme and adapted from
[57]. (Russell2002?)  
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structure formation is often preceded by an early compaction step.[55, 56] The characteristics 
of the folding pathway are specific for every individual molecule, depend on the conditions 
(ionic strength, temperature, cofactors) and give rise to a broad set of strikingly different 
folding mechanisms. The ultimate goal is to reach the native (active) state, which represents 
the structure with lowest free energy, in a relevant time range.  
Folding pathways of RNA, and biomolecules in general, can be described energetically 
by a funnel diagram representing a multidimensional energy landscape, along the surface of 
which a molecule tumbles and travels (Figure 6).[57, 58] Driven by energy, folding molecules 
traverse "downhill" to the final folded state, which typically represents a narrow region at the 
center of the funnel. Intermediate structures might exist along the course and represent local 
energy minima. These intermediates can be stable for a certain period of time, but might be 
misfolded and reflect a kinetic trap. The escape from the intermediates requires an energy 
input and, in case of kinetic traps, usually depicts the rate-limiting step in folding.[59, 60] The 
landscape of RNA molecules consists of discrete folding pathways that are separated by large 
energy barriers. Initial conditions determine the starting state and give rise to parallel folding 
pathways. There are specific paths that are more advantageous than others, both in folding 
speed and energy consumption.  
Formation of RNA tertiary structure is highly dependent on  
i)  RNA sequence and length, 
ii)  metal ion identity,  
iii)  metal ion concentration, 
iv)  temperature,  
v)  the presence of other factors like RNA binding proteins and polyamines.[61] 
vi) chaperones 
vii) helicases 
Small RNAs usually fold in a fast and apparent two state process,[60] whereas larger 
RNAs generally follow a more rugged folding pathway. 
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1.6 Ribozymes  
Ribozymes are suitable model systems to study the relationship of structure and function, 
since their catalytic activity directly reports on the extent of native structure formation. Eight 
structurally different main types of naturally occurring ribozymes have been identified, next 
to the autocatalytic RNA components that are part of ribonucleotide proteins (spliceosomal 
and ribosomal RNAs). According to their size and mechanism, the ribozymes are classified 
into the small or the large group (Table 1). 
 
Table 1. 
The naturally occurring ribozymes. The table is adapted from [81] and [94]. 
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1.6.1 Small ribozymes  
The best studied examples for naturally occurring small ribozymes are the hammerhead, 
the hairpin, the hepatitis delta virus (HDV) ribozyme and the Varkud Satellite (VS) 
ribozymes. Circular monomeric molecules of these RNA species (also multimeric in case of 
the VS ribozyme) are used as templates for a special type of replication known as the rolling 
circle mechanism, in which long linear transcripts are generated that consist of joined 
monomers. These RNA concatemers are then cut into monomers by catalytic motifs, which 
the monomers provide themselves. Therefore, these ribozymes are also termed self-cleaving 
RNAs. All small ribozymes use a common chemical reaction mechanism for cleavage of the 
phospodiester bond that generates a 2'-3'-cyclic phosphate and a product with a 5'-OH 
terminus (Figure 7). The monomers are subsequently recirculated for the next round of 
replication. 
Figure 7. Mechanism of phosphodiester cleavage by the small ribozymes. The internal 2'-OH acts as the
attacking nucleophile generating a 2'-3'-cyclic phosphate and a product with a 5'-OH terminus. B, base; Nu,
nucleophile  
All small ribozymes catalyze site-specific RNA backbone cleavage in a single stranded 
region of the molecule, but the way they achieve this reaction is very diverse. The ribozymes 
differ in sequence length, secondary and tertiary structure (Figure 8), as well as metal ion 
requirements for folding/catalysis. The hammerhead, the hairpin and the HDV ribozymes 
have a nucleotide sequence length of <85 nts, whereas the VS ribozyme is somewhat longer 
(160 nts) (Table 1). A wealth of biochemical and structural data has been gathered over the 
last few years and is reviewed in [15, 62-64]. (Partial) Crystal structures are available for all 
of the small ribozymes and helped to deduce the folding and cleavage mechanisms:[65-70]  
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• The hairpin ribozyme contains two independent folding domains, each with an internal 
loop and two flanking helices (Figure 8a). Initially, the folding units are coaxially 
stacked and rotate to form an antiparallel structure upon metal ion binding.[71, 72]  
• The hammerhead ribozyme is built from three base-paired stem loops and a highly 
conserved core forming a three-way junction (Figure 8b). The hammerhead ribozyme 
folds in a defined two-stage process.[73] In the first stage, stems I and II form a 
coaxially stacked domain from an extended core structure. In the second step, stem III 
switches from being oriented in a similar direction to stem II to being closer to stem I.  
• The HDV ribozyme is more complex but the structure is based on a pseudoknot with 
two stem-loops, in which the loop of the first stem-loop forms parts of the second stem 
(Figure 8c).[74] In contrast to the two ribozymes mentioned above, the HDV 
ribozyme does not undergo large conformational changes. Upon substrate binding, the 
molecule globally becomes only slightly more compact. Instead, it appears to be a 
local conformational change in and around the catalytic core that accompanies 
catalysis.[75]  
Figure 8. Structural diversity of small ribozymes: secondary and crystal structures. a Hairpin ribozyme. The
crystal structure shown on the right depicts domain B (helices 3 and 4, PDB code 1B36) b Hammerhead
ribozyme (488D) c Hepatitis delta virus (HDV) ribozyme (1CXO) d Varkud Satellite (VS) ribozyme. The
crystal structure shows the cleavage site from the Neurospora VS ribozyme (1E4P). The arrows in the
secondary structures indicate the site of cleavage. The figure is adapted from [76] and [81].Walter2002 and
Butcher2001 unsichtbar machen in text 
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• The core of the VS ribozyme is made up of 6 helices, one substrate helix plus five core 
helices, and is organized in two three-way junctions (Figure 8d). Data on the VS 
ribozyme again implies a metal ion dependent two-stage folding of the junction 
formed by helices 2, 3, and 6.[62] 
In 1998, the hammerhead, the hairpin and the VS ribozyme have been shown not to 
require Mg2+ for catalysis if monovalent metal ion like Li+ or Na+ are present in 
concentrations of 2-4 M.[37] Although the cleavage reaction was most efficient in the 
presence of divalent metal ions, a similar tertiary structure and cleavage products were found 
in high concentrations of monovalent metal ions. Therefore, divalent metal ions are not 
obligatory participants in the reaction and the tertiary structure contributes more to the 
catalytic reaction than previously recognized.[76] 
A further member of the class of small phosphoryl transfer ribozymes is the recently 
discovered glms ribozyme.[77] This RNA is the only natural occurring and self-cleaving 
ribozyme known to require a small molecule activator for catalysis, which is glucosamine-6-
phosphate (GlcN6P).[78] It functions as a riboswitch, a molecule that changes its structure 
upon small molecule binding, and whose activator-dependent RNA cleavage regulates the 
gmls mRNA expression.  
 
1.6.2 Large ribozymes 
The group of the large ribozymes contains Ribonuclease P (RNase P), group I and group 
II introns (Table 1). These ribozymes have a sequence length of 100 to about 3000 nts (up to 
6000 nts when counting the open reading frame (ORF) in group II introns - vide infra). RNase 
P is a site-specific endoribonuclease that processes precursor RNA substrate, i.e. the 5'-end of 
tRNAs[79, 80] or 5S rRNA, and it is mostly associated with proteins for its function. 
Therefore, RNase P is generally a ribonucleoprotein. Group I and II intron ribozymes belong 
to the classes of introns or intervening sequences. Intron sequences are non-coding parts of a 
gene, which interrupt the coding sequences (exons) and need to be removed for correct 
expression of a gene. This process happens at the RNA stage (Figure 1) and is called splicing. 
The group I and II introns are intronic RNA segments that cut themselves out of the larger 
RNA (exons plus introns) and hence, are called self-splicing introns. In distinction from self-
cleaving introns, the self-splicing introns additionally rejoin the ends of two single cuts.[81] 
The large ribozymes not only differ from small ribozymes in the catalytic activity, but 
also in their chemical reaction mechanism. In contrast to the small ribozymes that use an 
adjacent internal nucleophile for attack of the phosphodiester bond, the large ribozymes use 
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an external or far distant internal nucleophile. In case of RNase P, the attacking hydroxyl is a 
water molecule and the hydrolytic reaction results in products with a 5'-phosphate and a 3'-
OH end. The catalytic activity of both the group I and group II introns consist of two 
transesterification steps. Group I introns use an external GTP (3'-OH of guanine) and group II 
introns the 2'-OH of an internal adenine as the nucleophile for the first step of splicing at the 
5' splice site. In the second step for both introns, it is the 3'-OH of the newly released 5'-exon 
that attacks the 3'-splice site. As for the reaction of RNase P, both steps of splicing result in 
products with a 5'-phosphate and a 3'-OH end (Figure 9).[82, 83] 
Figure 9. Mechanism of cleavage of phosphodiesterbonds by large ribozymes. The attacking nucleophile is a
water molecule (RNase P), an external 3'-OH of guanine (group I introns, first step of splicing), an internal 2'-
OH of adenine (group II introns, first step of splicing) or the 5'-OH of the 5'-exon (second step of splicing for
both group I and II introns). The reactions produce a 5'-phosphate and a 3'-hydroxyl terminus. B, base; Nu,
nucleophile. 
The complexity of ribozymes increases with sequence length. All large ribozymes are 
multidomain molecules and the individual domains can be attributed to specific functions. 
The RNase P molecule is parted into a catalytic and a specificity domain (Figure 10a). Group 
I introns have a common core secondary structure of nine base-paired elements (P1-P9, 
Figure 10b).[15] The largest members are the group II introns, which share a typical 
secondary structure of six domains (Figure 10c). There are a number of models known for 
tertiary folding for large RNAs, all involving an initial stage of collapse followed by the 
formation of the native state in a second step.[27, 84] Folding rates for these states can differ 
considerably. The Tetrahymena group I intron collapses to a stable but misfolded species, 
which reflects a kinetic trap.[26, 85] In a slow second step, the molecule escapes from the trap 
through structural reorganization.[60, 86] Full-length RNase P behaves in a similar way, 
whereas its isolated catalytic domain shows a conformational search and collapse to a specific 
intermediate in a first fast step, before a local structural reorganization, i.e. consolidation 
around a metal ion binding site, takes place in a slower second step.[87, 88] Group II introns 
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behave differently, they are slow folders involving an obligate on-pathway intermediate (vide 
infra). 
Figure 10. Schematic secondary structure depiction of the large ribozymes. a RNase P is divided (dashed line)
into a specificity domain (S) and a catalytic domain (C). b Group I introns show a structure of nine base-paired
elements P1-P9. c Group II introns comprise six domains (D1-6) that radiate from a central wheel. The
schematic secondary structures shown are derived from B. subtilis (a), T. thermophilus (b) and Sc.ai5γ (c). 
Crystallographic data on large ribozymes is so far only available on parts of the 
molecules. There are four recent crystal structures of group I intron ribozymes (reviewed in 
[89]) and there is evidence for a two metal ion mechanism in group I intron splicing.[90] All 
group I introns have been reported to essentially rely on divalent metal ions for folding and 
catalysis[91, 92] and a general two-metal ion cleavage mechanism has been stated for all large 
ribozymes.[93] 
 
1.7 Group II intron ribozymes 
1.7.1 The splicing reaction 
The molecule studied in this work is a large RNA that belongs to the group II intron 
ribozymes. Group II introns are naturally occurring ribozymes ranging between 600 and 
several thousands nucleotides in size (Table 1). These RNAs are primarily found in organellar 
genes of bacteria and lower eucaryotes (mostly fungi and plants), but are absent from animal 
genomes.[94, 95] As introns, i.e. noncoding sequences on a pre-mRNA, they have to be 
removed from the primary transcript to yield a functional RNA. Group II intron ribozymes are 
remarkably large molecular machines, some of which perform the splicing reaction 
autocatalytically – without the need of any other molecules. The splicing reaction consists of 
two consecutive transesterification reactions (Figure 11).[96, 97] The first step comprises a 
nucleophilic attack of the 2'-OH of a highly conserved adenosine located in a bulge within the 
sequence (Figure 9, 11). The second step of splicing ligates the 5' and 3' exons and the intron 
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is released in the typical form of the lasso-like structure called lariat.[98, 99] Substrate 
recognition relies on the IBS-EBS (intron/exon binding sites) interactions and both of the 
splicing steps are readily reversible.[100] Alternatively, the first step can also be initiated by 
the nucleophilic attack of water or a hydroxyl ion, which results in a free 5'-exon and a linear 
intron/3'-exon intermediate.[101] In this case, the reaction becomes irreversible.[96, 101-103]. 
Therefore, group II introns catalyze RNA and DNA 5’-hydrolysis and additionally, are able to 
undergo reverse splicing into new genomic locations:[94] The reverse reaction starts with the 
binding of the intron via the EBS elements (EBS1 and EBS2) in D1 to the IBS elements in a 
suitable substrate (5'-exon) next to a splice site. The 3'-OH of the intron attacks the splice site 
and the intron is inserted via the two reversible transesterification steps. The first 5'-nucleotide 
of the 3'-exon makes contact to one nucleotide in the subdomain d of D1, thereby describing a 
third IBS3-EBS3 interaction.[104] Yet, IBS1 is completely sufficient for minimal substrate 
recognition and the IBS3 (and IBS2) sequence element is only responsible for increased 
reactivity and for reduction of cleavage at cryptic sites.[105, 106] These simple sequence 
requirements for substrate recognition represent the high potential of group II intron 
ribozymes to catalyze other RNA-dependent reactions.[94] 
Figure 11. The natural splicing reaction of group II intron ribozymes. The reaction comprises two sequential
transesterification steps. The first step consists of a nucleophilic attack by the 2'-OH of the conserved internal
branch-point adenosine on the scissile phosphate at the 5'-splice site. In the fast second step, the newly
generated 3'-OH of the 5'-splice site attacks the phosphate bond at the 3'-splice site, releasing the intron in the
typical form of a lariat and resulting in the ligation of the exons. The exons are  shown as bars in different
shades of gray, the intron is depicted as a solid black line. 
The splicing mechanism shows close similarity to the one performed by the spliceosome 
in eucaryotes.[107, 108] The striking difference between the spliceosome and group II introns 
lies in the fact that the catalytic components responsible for splicing reside within the group II 
intron itself, whereas the spliceosome uses a much more complex set of RNAs combined with 
proteins for its function. This is a possible example how nature could have developed a 
specific reaction to a general mechanism during evolution and it would identify group II 




1.7.2 Secondary structure of group II intron ribozymes 
Although there is very little sequence conservation among group II intron ribozymes, 
their secondary structure is divided in a conserved subset of six stem-loop structures or 
domains (D1-D6) that contain well defined secondary structure elements (Figure 12).[94, 109] 
All domains are independent folding units[110] and as such can be transcribed as individual 
molecules. When added in trans under the correct conditions, they reassemble into the active 
ribozyme fold.[111, 112] These interesting abilities make group II intron ribozymes suitable 
targets to study structure-function and/or metal ion binding-function relationships. The large 
RNA can be dissected into smaller subunits and several studies on individual domains can be 
conducted. This information is used in an attempt to understand the greater context of the 
large RNA, which is hard to study on the whole because of its enormous size. Every domain 
has a distinct function in folding, catalysis or conformational rearrangement and is involved in 
intra- and/or interdomain long-range tertiary contacts in the global context of the molecule: 
• Domain 1 (D1) is the largest of all intronic domains and serves as the molecular 
scaffold for the docking of the other domains. D1 recognizes the 5’-exon through two 
EBS-IBS (exon/intron binding site) base pairing interactions.[109, 113] and the 3'-
exon via a one-nucleotide contact EBS3/IBS3.[104] D1 forms intradomain tertiary 
contacts (α-α', β- β') as well as several interdomain tertiary interactions to D2 (θ-θ') 
and D5 (κ-κ', ζ- ζ'). 
• D2 and D3 are not strictly required for catalysis[114] but their presence results in 
enhanced catalytic activity.[109] D2 lacks phylogenetic conservation but it may have a 
role in stabilization of the overall structure of the ribozyme through tertiary 
interactions with D1 (θ-θ') and D6 (η-η').[115, 116] D3 is a relatively short stem-loop 
acting as an important catalytic effector. It binds with relatively high affinity to the 
rest of the intron and is thought to be involved in extensive tertiary contact network. 
Nevertheless, only one tertiary contact of D3 to D5 has been characterized so far (µ-
µ').[117]  
• D4 is the most variable domain of the intron and can even be removed as long as a 
short flexible stem-loop linker remains between D3 and D5. D4 often contains an ORF 
for a multifunctional protein (maturase) important for intron mobility and as such 
results in a domain of enormous size.[118] It also contains the binding site for the 
maturase[119] as well as other intron-specific splicing factors.[120] In the folded 
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intron molecule, D4 is located at the surface and therefore is prone to serve as a 
general protein-binding element.  
• D5 is the phylogenetically most conserved domain[95] and the catalytic center of the 
intron.[94, 109] This stem-loop structure is the best studied domain of the intron and 
can be parted into two sides, a binding face with atoms involved in tertiary contacts to 
D1 (κ-κ', ζ- ζ') and D3 (µ-µ') and a chemical face with functionalities important for 
catalysis.[121] Information about tertiary structure of D5 and location of possible 
metal-ion binding sites is available. [49, 122] 
• D6 contains the conserved bulged adenosine, which is the nucleophile in the first step 
of splicing and serves as the branch point.[44, 94] The docking site for the branch 
point is the asymmetric loop in D1 (the coordination loop: nucleotides 222-229 and 
Figure 12. Secondary structure of the group II intron ribozyme Sc.ai5γ from the yeast mitochondrial coxI
gene. Six domains (D1-D6) radiate from a central wheel. D1 and D3 are further divided into subdomains a-d
(D1) and a-c (D3). The exon binding sites (EBS1, EBS2, EBS3) and intron bindings sites (IBS1, IBS2) are
marked in magenta, the branch-point A in D6 is shown in red, and the tertiary contacts are indicated in blue
and by greek letters. The splice site is indicated with a ●.  
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368-370).[123] D6 forms a tertiary interaction to D2 (η-η') and an NMR solution 
structure and information about Mg2+ binding is available.[124] 
 
1.7.3 Folding of the group II intron ribozyme Sc.ai5γ 
The group II intron ribozyme Sc.ai5γ (yeast mitochondrial intron residing in the cox1 
gene) is able to undergo autocatalytic splicing in the absence of proteins in vitro and serves as 
a model system to study group II intron ribozymes.[97] It displays an optimal catalytic 
activity at 42°C and under high salt conditions (500 mM KCl, 100 mM MgCl2). Since 
successful catalysis directly reflects correctly folded and active ribozymes, folding studies are 
generally performed under these conditions. In the construct Sc.D135 that is typically used in 
folding studies, D2 and D4 are shortened to hairpins and D6 is absent but the original 
sequence of domains 1, 3 and 5 is conserved (hence the name Sc.D135).[125] This ribozyme 
contains all domains necessary for catalysis and is able to undergo multiple hydrolytic 
cleavage reactions of a short substrate that contains the IBS1 and IBS2 sequences including 
the cleavage site of the 5'-exon[126-128], i.e. the substrate 17/7 (vide infra). 
At first, group II introns were suspected to form an open, solvent-accessible tertiary 
architecture due to the extended secondary structure and the low sequence conservation 
among them. Yet, early hydroxyl radical footprinting studies revealed that a striking amount 
of 40% of the molecule becomes protected from the surrounding solvent, suggesting a 
compact tertiary structure of group II intron ribozymes.[129] The internalized regions also 
match the most phylogenetically conserved and mutationally sensitive regions of the intron.  
The tight tertiary fold was directly confirmed by equilibrium ultracentrifugation analysis 
and DMS chemical probing.[125, 130] Furthermore, these studies identified two types of 
collapsed states. First, a partially collapsed state with a structurally defined secondary 
structure that forms already in the presence of K+ ions only. This state is termed the unfolded 
state. Second, a single, highly compact state of unique tertiary structure that is generated upon 
Mg2+ addition. This fully collapsed species is termed the folded state. Using these definitions, 
it is possible to exclusively study tertiary folding transitions of group II intron ribozymes. 
The local and global features of the folded state were studied under equilibrium 
conditions to determine thermodynamic stabilities. Local folding was followed by hydroxyl 
radical footprinting and showed that all regions of the molecules were internalized with a 
comparable Mg2+ dependency at a KMg of ~20 mM.[125] Furthermore, ultracentrifugation 
analysis revealed a similar Mg2+ dependency also of global molecular compaction (KMg = 15 
mM).[130] A simple and cooperative folding transition was deduced, in which addition of 
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Mg2+ causes a specific and cooperative collapse of the molecule to a single tertiary structure. 
There is no evidence for any stable intermediate or kinetic trap.[130] Taken together, these 
findings gave rise to an apparent two-state folding pathway that hinges on the formation and 
the consolidation of a weak Mg2+ binding site.[131]  
The folding pathway was also directly monitored using time-resolved biochemical 
methods that track RNA structure formation through time.[125, 130] Again, local structures 
would form simultaneously, and both the rate constants for evolution of each footprint and 
global molecular compaction upon Mg2+ addition were similar. Furthermore, the rate constant 
of acquisition of catalytic activity correlates with the one for tertiary folding (kobs ~1 min–1), 
proving that the molecule formed upon Mg2+ dependent tertiary collapse represents the active 
species.[132] 
Nevertheless, it is unlikely that a molecule of such a large size would fold completely 
without intermediates. Indeed, deletion analysis revealed that D1 folds and forms with similar 
rate constant and Mg2+ dependencies as the Sc.D135 ribozyme.[132] This large domain 
represents an obligate intermediate along the folding pathway that forms early and is rate-
limiting. Domains 3 and 5 rapidly dock to the preformed binding sites, leading to an overall 
apparent two-state folding of the Sc.D135 ribozyme that is dictated by D1 folding (Figure 13). 
Just recently, it was found that folding is controlled by a tiny substructure that lies at the 
center of D1, the κ-ζ element.[56] This conserved, structurally complex junction motif binds 
and orients D5 in later steps and forms the intron active site. Additionally, the κ-ζ element 
represents a metal ion binding pocket and is thought to act as a Mg2+ dependent switch that 
initiates the cascade of Sc.D135 folding. κ-ζ is perfectly positioned for such a task, since is 
separates D1 into two halves and is prone to influence the spatial arrangement of long-range 
tertiary interactions (α-α', β- β') that need to be formed for complete collapse of D1. 
The biological relevance of these findings to group II intron function in vivo was still 
uncertain, since all experiments described above were conducted under non-physiological 
conditions (42°C, 500 mM KCl, 100 mM MgCl2). Therefore, studies under near physiological 
conditions (30°C, no KCl, 1 mM MgCl2) were performed and revealed a similar folding 
pathway, albeit with important differences. D1 was found to collapse to a near native 
intermediate, to which D3 and D5 are capable of docking.[133] Yet, the early collapse of D1 
is very slow and D3/D5 docking is unstable. In vitro, these problems can be overcome by 
addition of Mg2+. In vivo, this role is possibly taken over by protein cofactors, which have 
been implicated in numerous aspects of group II intron splicing.[113, 118]  
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In summary, the rate-limiting step of Sc.D135 folding includes formation of an unstable 
D1 intermediate that is accompanied by the binding of Mg2+ to the κ-ζ element.[56] This 
carefully orchestrated pathway ensures the correct formation of the intron core for subsequent 
successful splicing at the earliest stages of the folding pathway. Upon formation of the 
intermediate, the remaining domains fold rapidly into their native positions on the D1 scaffold 
in an apparently concerted, but independent docking fashion.[132]  
Figure 13. Folding pathway of the Sc.D135 group II intron. From the unfolded state U (containing secondary
structure elements) a transient intermediate I containing a collapsed D1 is formed in a first slow step. As
described in literature so far, a subsequent fast step directly generates the native state N. Helices in D1 are
shown in blue and purple cylinders, the helices in D3 are shown as cylinders in shades of green and D5 is shown
as an orange cylinder. The truncated helices of D2 and D4 are shown as gray cylinders. Figure is partially
adapted from [84].. AMP2007folding. 
1.8 Detection of conformational changes 
As a RNA molecule folds from the random coil to its native tertiary structure, it 
experiences extensive conformational changes. Upon metal addition, and therefore charge 
compensation, portions of an RNA are internalized and no longer accessible from the surface. 
These local changes can be followed by the hydroxyl radical footprinting method, and also 
NMR titration experiments report on changes in the local environment. Native gel analysis 
and sedimentation velocity experiments report on the overall compaction. A very useful 
technique to directly follow conformational changes as well as the dynamics of specific 
regions in the molecule relative to each other is the use of fluorescent molecules and their 
quenching behavior. Therefore - and because of the optically appealing side effect of working 




1.8.1 Fluorescence Theory[134]  
Luminescence describes a family of processes, in which appropriate molecules emit light 
from exited states created by either physical, chemical or mechanical mechanisms. If the 
exited states are generated by absorption of ultraviolet or visible light, the phenomenon is 
termed photoluminescence. Luminescence is formally further divided into fluorescence and 
phosphorescence, depending on the electronic configuration of the excited state and the 
emission pathway: 
The fluorescence process starts with 
excitation of a susceptible molecule in the 
ground state S0 to an excited singlet state 
S1 or S2 by absorption of an incoming 
photon within femtoseconds (10–15 s). The 
excited state S1 – and all states in general - 
contains a number of vibrational energy 
levels, the lowest of which is usually the 
most populated and is reached by the 
molecule via vibrational relaxation 
(internal conversion) within picoseconds 
(10–12 s). The molecule then returns to the 
ground state S0 by emission of a photon, a process which occurs on the nanosecond timescale 
(10–9-10–7 s). Due to the loss of energy by internal conversion, the wavelength of the emitted 
photon is generally shifted to longer wavelengths compared to the incident photon. This 
wavelength difference is termed the Stokes shift. Usually, the energy levels involved in 
absorption and emission of light are represented in Jablonski energy diagrams (Figure 14). 
Figure 14. Jablonski energy diagram. The ground state
(S0) and the excited states (singlet: S1, S2, triplet: T1)
with vibrational levels are shown. Excitation and
emission events are indicated. IC, internal convertion;
ISC, intersystem crossing. 
Several other relaxation processes with various probabilities compete with the 
fluorescence emission pathway. The excited state can lose its energy non-radiatively by 
generating heat or transfer energy to other molecules during collisions. Since excited states 
are activated states, they are able to undergo chemical reactions with the surrounding and 
form new species, which are no longer light-emissive and result in loss of fluorescence 
(photobleaching). In a further event known as intersystem crossing (ISC), molecules convert 
to the lowest excited triplet states and emit a photon in a process that is now termed 
phosphorescence. Phosphorescence is less common since it involves spin conversion to 
produce unpaired electrons, which is an unfavorable (forbidden) process. This is reflected in 
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slower rate constants of phosphorescence of typically 0.01-103 s–1 compared to fluorescence 
(107-109 s–1). Transitions back to S1 also occur and yield delayed fluorescence. 
Molecules able to undergo electronic transitions that result in fluorescence are termed 
fluorescent probes, fluorochromes or dyes. If these molecules are conjugated to larger 
macromolecules through adsorption or covalent bonds they are termed fluorophores.[134] 
 
1.8.2 Local structural changes detected by 2-aminopurine (2AP) 
2-Aminopurine (2AP) is an example of a 
fluorescent nucleotide (Figure 15). 2AP is a structural 
isomer of adenine (6-aminopurine, Figure 2) that can 
be readily incorporated into an RNA sequence. 2AP is 
generally a non-perturbing substitution in DNA and 
RNA because of the structural similarity to 
adenine.[135] 2AP will form thermodynamically 
equivalent base pairs with thymine in DNA and uracil in RNA helices and is also capable of 
forming wobble base pairs with cytosine. In addition, 2AP is highly fluorescent and can be 
selectively excited in the presence of natural bases.[136] The quantum yield (φ, number of 
times a defined event occurs per photon absorbed) of 2AP fluorescence φf is sensitive to its 
microenvironment. The most important factor leading to fluorescent changes were found to be 
stacking interactions and collisional quenching with neighboring bases.[137] In contrast, the 
2AP fluorescence quantum yield is insensitive to base pairing and other H-bonding 
interactions. Together, these properties make 2AP a suitable fluorescent nucleotide analogue 
to study subtle local structural changes in nucleic acids. In this study 2AP is used as a reporter 
group to detect the local structural impact caused by a metal ion that binds to the bulge of an 
isolated D5 hairpin. 
 
Figure 15. Chemical structure of the
fluorescent nucleotide 2-aminopurine (2-
AP). λex = 310 nm, λem = 370 nm, ε =
5400 cm-1M-1, φf = 0.68 in H2O [134]
 
1.8.3 Förster Energy Resonance Transfer (FRET) 
A fluorescence phenomenon of particular interest appears when using a pair of suitable 
fluorescent probes: The non-radiative energy transfer from a donor to an acceptor molecule by 
interaction of long-range dipole-dipole couplings. The mechanism is termed Förster or 
Fluorescence Resonance Energy Transfer (FRET) and is highly dependent on three factors 
(Figure 16): 
1) distance between donor and acceptor molecule (Figure 16a) 
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2) spectral overlap of donor emission and acceptor excitation (Figure 16b) 
3) relative orientation of donor and acceptor dipole moments (Figure 16a) 
The theoretical basis of FRET efficiency (E) is described by the quantum yield of energy 
transfer transition EFRET, i.e. the fraction of energy transfer event occurring per donor 
excitation event: 
∑++= ifET ETFRET kkk
kE     (1)  
kET is the rate constant of energy transfer, kf the decay rate constant and ki the rate 
constant of all other events that result in non-emissive loss of excitation. 
Figure 16. Principle of Förster resonance energy transfer (FRET). a Two fluorophores (D, donor; A, acceptor) 
separated by a distance R can generate energy transfer upon excitation (blue arrow) of D. Emission of D is 
shown as a green arrow, emission of A (generated by energy transfer) as a red arrow, and the black arrows
indicate the dipole orientation of the fluorophores. b Excitation (dotted lines) and emission (solid lines) of D 
(green) and A (red). The spectra are normalized for comparison. The spectral overlap of donor emission and
acceptor excitation is shown as gray area under the curves. c Dependency of energy transfer efficiency E on 
distance R at R0 = 50 Å. 












EFRET      (2)  
R0 corresponds to the distance in Å at with 50% of energy is transferred from donor to 
acceptor and it is termed Förster distance. This number is specific for each pair of dyes and 




−−×= κ     (3)  
κ is a factor describing the orientation of the dipoles, n the refracting index of the 
medium, Q0 the quantum yield of donor in the absence of acceptor and J the spectral overlap 
integral calculated as: 
λλλελ dfJ aD 4)()(∫=       (4)  
24 
1. Introduction 
where fD is the normalized donor emission spectrum, εa depicts the acceptor molar 
extinction coefficient. 
All variables in these equations except κ and R are constants and have been determined 
for numerous fluorescent probes. The dipole orientation factor κ  can theoretically vary 
between 0-4 and is a measurement for the rotational freedom of the fluorescent dye. If the 
dyes are freely rotating and isotropically oriented in the excited state a constant value of κ2 = 
2/3 can be assumed. This leads to the fact that the only variable parameter is R, the distance 
between donor and acceptor at any time. Therefore, changes in FRET report on the relative 
distance changes between a donor and an acceptor molecule and the technique can be used as 
a spectroscopic ruler in the range 
of typically 2-8 nm distance 
between the donor and acceptor 
molecule (Figure 16c).[138, 139]  
A common dye pair used in 
FRET experiments – especially for 
single molecule studies (vide infra) 
on RNA[140, 141] – is the 
combination of the cyanine dyes 
Cy3 and Cy5 (Figure 17a, b). They 
are water-soluble, bright and 
photostable dyes that fluoresce in the green (Cy3, λem = 565 nm) and red (Cy5, λem = 665 nm) 
and can be coupled to nucleic acids or proteins over their aliphatic nitrogen-side chains 
R.[142] 
Figure 17. The cyanine dyes. a Cy3 (λex = 540 nm, λem = 565 nm,
φf = 0.13) and b Cy5 (λex = 640 nm, λem = 665 nm, φf = 0.18). The
linker length is indicated, whereby the number of linking atoms
determines the cyanine dye name. 
 
1.8.4 Global conformational changes at the single molecule level 
The body of this work is composed of detection of conformational changes by FRET. The 
range, in which FRET can be used as a powerful spectroscopic ruler (Figure 16c), matches the 
global dimension of the ribozyme under study. By positioning of dyes at various sites on the 
molecule it is possible to follow the relative changes of individual regions of the molecule 
during the folding process.[64, 143] 
Bulk measurement of many molecules at the same time result in elevated and easily 
detectable levels of fluorescence signals and report on the average evolvement of FRET 
during folding. Apart from the wealth of information that can be gained by these experiments, 
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one major drawback is the fact that the existence of short-lived intermediate structures will 
not be detected, since their contribution is only weak and as such will be overpowered and can 
not be detected. A very powerful method of following individual molecules in real-time is 
achieved by single molecule spectroscopy.[144-147] This technique has more recently also 
been applied to RNA.[141] By looking at an individual molecule it is possible to access 
detailed dynamic information, i.e. detect stochastic fluctuations between distinct 
conformational states and measure the corresponding rate constants in real time. Additionally, 
potential transient intermediate and parallel folding pathways can be resolved and identified 
independently.[148] 
 
1.9 Thesis Outline 
This work deals with different aspects of metal ion binding to an RNA structure. The 
RNAs under investigations are mainly derived from the group II intron ribozyme Sc.ai5γ from 
Saccharomyces cerevisiae (Baker's yeast), but also from a related thermophile ribozyme 
derived from Av.groEL from Azotobacter vinelandii. Chapter 2 describes an assay to 
generally detect the metal ion binding sites in the group II intron ribozyme Av.groEL. In 
Chapter 3, the impact of binding of one metal ion on the local structure of isolated D5 is 
studied by monitoring 2AP-fluorescence. Chapter 4, which represents the main body of this 
work, deals with the global structural changes upon metal ion binding of the ribozyme 
Sc.D135 by measuring FRET at the single molecule level. 
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2. Metal ion binding sites in the group IIB intron 
Av.D135 
 
2.1  Introduction 
2.1.1 The group II intron ribozyme Av.groEL 
Group II intron ribozymes were originally described in genomes of mitochondria and 
chloroplasts, where they interrupt any type of essential genes.[149] The existence of this 
group of introns in bacteria was discovered only a decade later.[150] But since then, the 
bacterial group II intron ribozymes have been found to be widespread and somewhat more 
diverse than their counterparts in organelles, consistent with the idea of a bacterial origin of 
group II introns.[151] Bacterial group II intron ribozymes are found at many different 
locations except within functional housekeeping genes and are often associated with mobile 
genetic elements.[151-153] 
In general, group II introns are classified into subgroups based on comparative analysis of 
secondary and tertiary structural elements.[154] The self-splicing mitochondrial introns from 
Saccharomyces cerevisiae (Sc.ai5γ) and Pylaiella littoralis (Pl.LSU/1 and 2) belong to 
subgroup IIB1. Other members of the group IIB1 are the uncharacterized bacterial introns 
from Escherichia coli (Ec.p0157), Pseudomonas sp. and Xylella fastidiosa.[155]  
The intron Av.groEL (also known as Av.hsp60) from the nitrogen-fixing bacterium 
Azotobacter vinelandii was identified in 1993[150] and turns out to be closely related to the 
subgroup IIB1 yet containing unusual features that diverge from typical subgroup IIB1 
signatures: 
• Although it is a bacterial ribozyme, Av.groEL interrupts the termination codon of the 
essential gene groEL, which encodes a heat shock protein (hsp60 chaperone).[155] 
• Av.groEL displays a canonical group IIB secondary structure of 6 domains but is 
extended with a 292 nt insertion close to the 5' end of the intron (Figure 18). The 
intron contains a large ORF of 1692 nts that encodes a polypeptide with reverse 
transcriptase, maturase and endonuclease modules. Av.groEL shows a G-C basepair 
content of 59.2%, which is significantly higher than what is found for other self-
splicing group II introns.  
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• Group II intron ribozymes generally require non-physiological conditions for in vitro 
activity, i.e. high salt concentrations and temperatures.[96, 156, 157] The construct 
Av.groEL without the ORF shows an optimal activity at particularly high 
temperatures of 52-55 °C,[155, 158] and a more streamlined version (no ORF, no 292 
nt insert) even prefers 65°C.[155, 158] Hence, Av.groEL displays an unusually high 
thermostability and a requirement for thermal activation of splicing.  
Taken together, Av.groEL represents an interesting exception to bacterial group II introns 
that seems to be optimized for high temperatures and is potentially involved in heat shock 
regulation. The sequence of Av.groEL contains an high G-C content (59.2 %)[159] compared 
to Sc.ai5γ (20.8 %) or Pl.LSU1 (40.9 %).[160] However, the reason for this does not simply 
Figure 18. Av.groEL intron sequence and secondary structure map. Domain are labeled with boxed roman
numbers (I-VI) and tertiary interactions are indicated in greek letters. Arrowheads indicate tertiary contacts
formed by Watson-Crick type basepairing. The 292 nt insertion in D1 and a part of D4 (1836 nt), which
includes the ORF, are represented as loops. 
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rely in the G-C content as the correlation between elevated G-C content and increased thermal 
stability of RNA (due to three hydrogen bonds in a G-C basepair compared to only two in A-
U basepairs) is not straightforward. There is no single mechanism that explains the effects of 
G-C content on the function of large RNAs. Instead, increased stability was described to be 
caused by more homogeneous folding to the native state[161] or an increase in secondary 
structure content.[162] Further factors like coordination of water molecules or – interesting 
and important in respect of this work - metal ion-RNA interactions may play a critical role, 
too.[162, 163] 
 
2.1.2 Principle of terbium cleavage  
Location and function of metal ions in folded RNA molecules have been studied using a 
variety of techniques. Historically, hydrolytic metal ions like Pb2+[164, 165] or oxidative ions 
such as Fe2+[166] have been applied to probe divalent metal ion binding sites. Although these 
approaches have led to valuable preliminary results, their significance is limited by the altered 
geometric or coordination preferences of these metal ions compared to Mg2+ or by the 
requirement of the experiments to be conducted under nonphysiological conditions. In further 
studies, phosphorothioate rescue experiments were conducted to test for direct coordination 
between metal ions and pro-Rp phosphoryl oxygens in the RNA using metal ions like Mn2+ or 
Cd2+.[33] The drawback here lies in the fact that this type of coordination does not always 
appear to be required in folding of group II intron constructs and therefore, positions of metal 
ion binding detected with phosphorothioate rescue experiments might not generally be 
involved in metal ion mediated interactions.[167] 
Lanthanide(III) ions have been widely used to map metal ion binding sites in RNA 
structures.[165, 168, 169] In particular, Tb3+-mediated footprinting has proven to be a 
versatile technique to probe ribozyme secondary and tertiary structure and metal ion binding 
(vide infra).[170-172] Hexacoordinate Tb3+ has a similar ionic radius of 0.92 Å compared to 
Mg2+ (0.72 Å)[173] and shows the same preferences for coordination of oxygen ligands.[174] 
Therefore, Tb3+ is potentially able to bind to similar sites on a polyanionic RNA as Mg2+. Tb3+ 
shows a binding affinity that is two to four orders of magnitude higher[170, 171, 175] and 
thus, Tb3+ can easily replace Mg2+ in its specific binding sites already in low concentrations 
(Figure 19). Once bound to the RNA, the transiently deprotonated aquo complex 
Tb(OH)(aquo)2+ abstracts a proton at the 2'-OH group from a nearby nucleotide.[165, 176] 
The resulting 2'-oxyanion attacks the juxtaposed phosphodiester in a nucleophilic fashion, 
leading to slow backbone cleavage. This reaction takes place at physiological pH, since the 
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pKa of Tb3+ is lowered to 7.9 compared to Mg2+, for which pKa = 11.4.[177] Efficient local 
backbone scission occurs at every Tb3+ binding site on the RNA with correct geometry (Tb3+ 
binding usually in the minor groove)[172] and results in a distinct set of cleavage products of 
different length.[172, 175]  
At low (micromolar) concentrations, Tb3+ binds preferentially to RNA surfaces of high 
local charge density, thereby revealing potential Mg2+ binding sites. At increased (millimolar) 
concentrations, Tb3+ cuts the phosphodiester backbone in a largely sequence-independent 
manner, preferentially in single-strand or non-Watson-Crick basepaired regions. Therefore, 
Tb3+ mediated RNA cleavage at low concentrations is used to map specific metal ion binding 
sites, whereas at higher concentrations it serves to footprint secondary and tertiary 
structure.[170] 
Figure 19. Principle of Tb3+ cleavage. Mg2+ bound in its binding sites on an RNA is replaced by Tb3+, which
results in cleavage of the RNA backbone at the site of metal ion binding and gives rise to a distinct set of
cleavage products.  
Interactions of lanthanide(III) ions and RNA can be studied in further assays that prove 
the binding of lanthanides to RNA and show the versatile potential of these remarkable metal 
ions. Replacement of Mg2+ with Tb3+ has been found to result in inhibition of catalysis of the 
hairpin and the hammerhead ribozymes.[171, 178] Furthermore, Tb3+ exhibits distinct 
luminescence properties when bound to RNA. Tb3+ shows a small extinction coefficient of 
direct absorption, but when proximally bound to nucleobases Tb3+ can emit sensitized 
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luminescence. This occurs when Tb3+ is bound to RNA and nearby guanines transfer energy 
to the lanthanide ion upon excitation.[179] Using this property, Tb3+ is applied to 
conveniently measure metal ion binding affinities.[171, 178, 180, 181]  
 
2.1.3 Aim of work 
Major metal ion binding sites in the group II intron core have been identified and 
described for Sc.ai5γ.[175] Here, analogous Tb3+ titration were performed on Av.groEL. Data 
from these two related but distinctly different ribozymes were compared to reveal shared as 
well as individual metal ion binding properties.  
Previous studies in our lab independent of this work failed to identify cleavage sites in the 
5' half of the molecule. This work describes a successful test run to find metal ion binding 
sites in the 3' half of the large RNA molecule. Since data for the 5' half of the molecule is still 




2.2  Results 
2.2.1 The RNA construct Av.D135 
The sequence of the RNA construct used in these metal ion mapping experiments starts at 
the first nucleotide of the Av.groEL intron and is extended with an unrelated 37 nt tail at its 3'-
end. The 292 nt insertion close to the 3'-end of the ribozyme in D1 was removed. The original 
sequence of D3 and D5 remained preserved, whereas D2 and D4 were replaced by short 
hairpins that are capped by UUCG tetraloops. The resulting construct was called Av.D135. 
The construct is analogous to Sc.D135 from Sc.ai5γ (Figure 12), which is known to subscribe 
all the necessary components of the active site of the ribozyme for splicing.[128] 
Figure 20. Sequence and secondary structure map of construct Av.D135. Domains are labeled with boxed
roman numbers (I-V) and tertiary interactions are indicated using greek letters. Arrows indicate tertiary
contacts formed by Watson-Crick type basepairing. 
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2.2.2 Terbium(III) cleavage 
For detection of cleavage bands resulting from strand breaks at sites of Tb3+ coordination, 
Av.D135 was 3'-end labeled with α-32P-dCTP. The labeling products were purified via 
denaturing polyacrylamide gel electrophoresis (PAGE) and the major product band was 
isolated and separated from side bands as effectively as possible. Side products originate from 
the transcription, whereby T7 also generates products that are shorter by some nucleotides, 
and from an oligo splint used in the labeling reaction that allowed incorporation of either one 
or two labeled radionucleotides due to an unfortunate error in the nucleotide sequence of the 
oligo splint. Labeled Av.D135 was then prefolded in MgCl2 before Tb3+ was added and the 
cleavage reactions were allowed to advance for 1h on ice. Cleavage products were separated 
and subsequently imaged on denaturing polyacrylamide gels. Since full separation of long 
RNAs differing by only 1-2 nucleotides is never completely achieved, the cleavage bands 
would often turn up as multiple (mostly double) rather than a single band and complicate the 
observed cleavage pattern. In addition, the G-specific T1 ladder of Av.D135 already contains 
a large number of products due to the elevated amount of G's in the Av.D135 sequence, which 
leads to cleavage patterns that are not easily identified and complicates the assignment. 
Nevertheless, the assignment was possible for ~200 nts starting from the 3'-end of the 
ribozyme, whereas it became increasingly difficult in D1 as bands were not resolved as well 
anymore. In addition, comparison to the cleavage pattern from the related Sc.ai5γ sequence 
successfully helped to assign some more cleavage bands to nucleotide numbers in the 3' part 
of D1. 
 
2.2.3 Metal ions in the catalytic core 
D5 is known to be at the heart of the catalytic core of group II intron ribozymes.[121, 
182-185] A construct of D1 and D5, in which D2 and D4 are shortened to hairpins and D3 is 
removed but interdomain linkers are preserved in original sequence, is a minimal form of an 
active group II intron ribozyme derived from Sc.ai5γ.[132] The tertiary contacts ζ-ζ'[30] and 
κ- κ'[167] link D5 to the D1 scaffold and a further contact λ-λ' brings the active site elements 
in close proximity to the 5'-splice site.[185] Therefore, it was of great interest to pin down 
metal ion binding sites in this apparently central domain within Av.D135.  
The most prominent metal ion binding site in D5 is found around the bulge nucleotides 
A2747-G2749 (Figure 21). The conserved appearance of this cleavage site in Av.D135 and 
Sc.ai5γ[175] is another strong proof that a specific metal ion binds to the bulge region and is a 
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component of the active site of the ribozyme molecule. As described previously,[175] metal 
ion cleavage extends to adjacent base pairs in stem 2 of D5 also in Av.D135. These 
nucleotides are part of the λ-λ' tertiary interaction that connects the chemical face of D5 with 
the 5' splice site.[185] A metal ion appears to mediate this long range interaction essential for 
catalysis. The D5 tetraloop is only cleaved at high concentrations of Tb3+. This indicates weak 
metal ion binding and minimal single strand character at this site, approving the binding of the 
tetraloop to its receptor site via ζ-ζ'[30] in the folded molecule. 
The domains are linked by short single-strand joiners, the catalytic role of which is 
largely unknown. A prominent metal ion binding site is located in the junction linking 
domains 2 and 3 (J2/3). This purine-rich joiner is well conserved[154] and has been 
implicated to be another important element of the active site.[186] G784, which usually is a 
conserved A in most other group II introns, is involved in formation of the γ-γ' tertiary 
 
Figure 21. Tb3+ cleavage sites in domains 4 and 5 resolved on a 18 % denaturing polyacrylamide gel. Lanes
1-14 represent samples incubated with Tb3+ at concentrations of 0,0.025, 0.05, 0.075, 0.1, 0.25, 0.5, 0.75, 1,
2.5, 5, 7.5, 10 and 25 mM. Lane c shows RNA without any Mn+ added, lanes AH and T1 represent alkaline
hydrolysis and T1 endonulease ladders, respectively. Assignment of cleavage bands to nucleotides and
regions in the Av.D135 sequence is shown to the right. 
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contact. Formation of the γ-γ' interaction leads to recognition and cleavage of the 3'-splice 
site.[187, 188] Divalent ions have previously been described to take part in reaction chemistry 
at the 3'-splice site[189] and the results presented here support this finding. The adjacent 
conserved residues G785 and A786 exhibit further weak metal ion binding. These nucleotides 
have been found to be essential for the second step of splicing.[190] They have also been 
reported to photo-crosslink with D5, contacting nucleotides U2756 and U2757, which are 
opposite the catalytic AGC triad in stem 1 of D5,[102] or even the bulge in D5.[191] A metal 
ion binding site is located at this junction. As mentioned above, J2/3 is involved in catalysis 
and therefore, our result for this site implies a possible role of a metal ion participating in 
catalysis.  
 
2.2.4 Metal ions at sites involved in exon recognition 
D1, the largest domain of the intron, is absolutely essential for catalysis and provides the 
scaffold for the assembly of the other domains into the catalytic active ribozyme. It displays 
an extensive network of inter- and intradomain tertiary interactions. It also harbors the exon 
binding sites EBS1 and EBS2. D1 is responsible of substrate recognition and places the 5' 
splice site within the intron core.[192] Metal ions have been described to bind to nucleotides 
flanking EBS1 and the β-β' interaction using Tb3+-cleavage.[110, 175]  
Assignment of Tb3+ cleavage sites to nucleotide positions within D1 becomes 
increasingly difficult for 3'-labeled Av.D135 and is impossible for the 5'-half of D1 since 
degradation products can no longer be nicely separated due to size and overlay (Figure 22). 
The T1 ladder also becomes crowded and sequence assignment is difficult. Yet comparison of 
gels from Av.D135 and Sc.ai5γ[175] reveals similar Tb3+ cleavage patterns of the two related 
ribozymes and allows an estimate for the nucleotide assignment in the 5'-half of D1. Using 
this approach, nucleotides flanking EBS1 and the β-β' interaction were identified to be metal 
ion binding sites. Unfortunately, Jd''/d''', which has been described to comprise a further exon 
binding site EBS3,[104] overlays with a prominent cleavage band and conceals Tb3+ cleavage 
information. 
 
2.2.5 Metal ions involved in further tertiary contacts 
Another important intradomain contact within D1 is described by α-α'. Formation of this 
interaction places distant secondary elements in close proximity, a feature that forms upon 
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excessive compaction of the RNA molecule. Cleavage signals adjacent to α' indicate a metal 
ion that mediates this long range tertiary contact (Figure 22). 
The κ-κ' and ζ-ζ' tertiary contacts have lately become the center of attention for folding 
of group II intron ribozymes.[56] No metal ion binding effects are detected in Tb3+ mediated 
footprinting, neither in a previous study on Sc.ai5γ nor in Av.D135 presented here. Recently, 
the κ-ζ element in D1 has been described to be a metal ion binding pocket and to act as a 
Mg2+ dependent switch for initiation of folding using time resolved nucleotide analog 
interference mapping (NAIM).[56]. This absence of an important ion binding site reflects 
limitations in the Tb3+ cleavage assays. For successful backbone scission by Tb3+, the 2'-OH 
group needs to be precisely aligned (Figure 19). This conditions is not met throughout the 
entire intron that contains excessive secondary and tertiary structure and therefore, 
conformational constraints (also see Section 2.3).  
 
2.2.6 Metal ions in regions of undetermined importance 
A number of cleavage sites occur in D3, which acts as a catalytic effector for the splice 
reaction (Figure 22). D3 is not specifically required for catalysis but greatly enhances the 
reaction rate, probably through direct involvement of D3 functional groups to optimize the 
active site or in an allosteric fashion.[186] Mainly the single-strand regions in D3 are cleaved 
at millimolar Tb3+ concentration, including the most conserved substructure of D3, which is 
the A-rich internal bulge within the basal stem.[95] The recently found interaction µ- µ'[117] 
that connects nucleotides of the pentaloop in D3 with the backbone of G2765 in D5, does not 
seem to involve a binding site for metal ions in this Tb3+ cleavage assay. The strongest 
cleavage site in D3 resides in between stem c and b, the same site that was also prominently 
cleaved in D3 from Sc.ai5γ.[175] 
Similarly, weak cleavage occurs all throughout D4 (Figure 21, 22). D4 is very large in the 
original sequence and harbors the ORF for group II intron related proteins.[118] D4 also 
serves as a protein binding platform and therefore is found at the surface of the molecule.[119, 
120] The size of this domain varies considerably throughout group II introns, but D4 is 
always found at its specific location and never completely removed.[94] Since not being 
involved in catalysis, D4 is reduced to a hairpin of unrelated sequence in the construct 
Av.D135. Weak Tb3+ cleavage is found throughout the hairpin, being more pronounced in the 
UUCG tetraloop and the adjacent domain linkers. If metal ion binding to the stem of D4 is 
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preserved in the hairpin that replaces D4, this might potentially indicate a role of D4 and 
metal ions in the overall ribozyme architecture. 
All linker regions of the central wheel of the secondary structure appear to be involved in 
metal ion binding (Figure 22). The linkers are usually rather conserved in sequence and 
known to be involved in catalysis, although their function is not completely understood. 
Strong binding sites are found in J2/3, as discussed previously, and J4/5.  
 
2.2.7 Comparison of cleavage sites in Av.D135 and Sc.ai5γ 
Comparison of the cleavage patterns from Av.D135 and Sc.ai5γ[175] reveals a closely 
related map of metal ion binding sites (Figure 23). Over all, D3 shows higher metal ion 
binding than D4 in Sc.ai5γ. In contrast, binding of metal ions to Av.D135 is more pronounced 
in D4 than D3 (Figure 22). This observation is possibly an artifact that originates from 
introduction of the unrelated hairpin sequence in D4 and its orientation in the RNA constructs 
used in experiments. On the other hand, the cleavage in D3 of Av.D135 seems to be reduced 
and shifted to higher concentrations compared to Sc.ai5γ. This is due to the elevated G-C 
basepair content in Av.D135 as helices consisting of A-U basepairs are slightly more 
efficiently cleaved compared to double stranded regions of G-C basepairs. This effect is 
especially pronounced in the short stems a, b and c of D3. Nevertheless, the strong metal ion 
binding site in between stems b and c is clearly preserved in both ribozymes.  
There is one prominent absent cleavage site in Av.D135 compared to Sc.ai5γ. Weak Tb3+ 
cleavage is detected throughout J3/4 of Av.D135, whereas there is a strong cleavage site 3' to 
D3 in the same linker for Sc.ai5γ (Figure 23)  This result indicates an interesting and potential 







Figure 22. Tb3+ cleavage sites
throughout the Av.D135
ribozyme resolved on a 5%
polyacrylamide gel. a Reaction
products of 3'-32P-end labeled
Av.D135 RNA at conditions as
described in Figure 21 are
shown. Assignment to
nucleotides and heights of
linker and tertiary contact
regions is shown to the right. b
Schematic view of Av.D135
showing the region that can be
visualized in this experiment in
a darker line. 
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2.3 Discussion and Conclusion 
Tb3+ cleavage experiments were carried out to locate metal ion binding sites in the 
unusual ribozyme Av.D135. The detected cleavage positions are depicted on the secondary 
structure of Av.D135 in Figure 23. Most single stranded regions were cleaved at high Tb3+ 
concentrations in agreement with the basic concept of Tb3+ cleavage.[180] Predominantly, 
specific metal ion binding sites were found at positions that are part of the catalytic core, 
which includes D5 and the J2/3 linker. These results are in clear support of the idea that D5 
represents a metal ion binding platform.[49, 93, 193] 
Due to degradation bands and increasingly reduced spacing of cleavage bands and 
therefore overlaying signals, assignment of cleavage sites in D1 became difficult. 
Nevertheless, comparison with results for Sc.ai5γ[175] allowed to locate important sites 
involved in ribozyme reaction chemistry and detect metal ion binding, i.e. at EBS1. Our 
results link metal ions to sites of exon recognition and are consistent with the implication of 
metal ions in the chemical mechanism of splicing.[189]. Naturally, ribozymes are always 
associated with metal ions (Section 1.4) and Av.D135, like Sc.ai5γ, is also a metalloribozyme 
if referring to the definition of metalloribozymes that directly connects a divalent metal ion to 
ribozyme catalysis. [38, 42] 
Further cleavage at sites adjacent to nucleotides involved in tertiary contacts were found 
near α' and β'. Both of these elements form Watson-Crick type basepairs with their 
counterparts that are distant in primary and secondary structure. Metal ions here might be 
involved in stabilization of the ribozyme tertiary fold, reflecting the alternative role of metal 
ions in catalysis and folding of ribozyme structures.  
High affinity metal ion binding sites in large RNAs can be identified in lanthanide(III)-
mediated hydrolysis experiments. The lanthanides form metal hydroxides that cleave RNA 
through a mechanism that is highly dependent on local geometry.[164]. Good candidates for 
cleavage are the backbone of single stranded regions, dynamic loop structures and the 
widened major groove of non-Watson-Crick basepairs. It is certain that other strong metal ion 
binding sites remain undetected during the assay. Especially sites within RNA helices, such as 
the major groove of in G-C rich duplexes or tandem G-U wobble pairs, will be missed. The 
reduced cleavage in D3 of Av.D135 that contains many more G-C basepairs in the stems a, b 
and c compared to Sc.ai5γ is a good example to illustrate this.  
For a complete set of metal ion binding sites, analogous experiments on 5'-labeled 
Av.D135 are needed to reveal metal ion binding sites in D1 in much greater detail. But already 
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with the present preliminary data it becomes apparent that the general cleavage patterns of 
Av.D135 and Sc.ai5γ are closely related, indicating a general usage of metal ions in catalysis 
for and folding of group IIB1 intron ribozymes. Interestingly, the only difference in metal 
binding observed is the lack of a strong metal ion binding site at the linker region between D3 
and D4 in Av.D135 when compared to Sc.ai5γ, pointing to a possible importance of the 
junction regions for function of the ribozyme that was so far largely ignored. A finding like 
this, combined with results from many more experiments using different biochemical 
techniques, might help to explain the varying features of the large and complex group II 
introns originating from different hosts in the long run.    
 
Figure 23. Sites of Tb3+ cleavage superimposed on the secondary structural representation of Av.D135. The
Av.D135 construct is derived from Av.groEL (Figure 20). Domains 2 and 4 are shortened to hairpins, but the
numbering system corresponds to the intact intron. Regions where metal cleavage was observed are shaded in
gray (weak cleavage 5'000-13'000 cpm.) and orange (distinct cleavage, 13'000-30'000 cpm). Inlet: Sites of Tb3+
cleavage in the Sc.ai5γ intron as published in [175] for comparison. 
40 
3. Domain 5 
3. Domain 5: Impact of metal ion binding on local 
structure and stability  
 
3.1 Introduction 
Domain 5 (D5) is a key component in 
the active site of group II intron 
ribozymes.[109, 127] Together with D1, D5 
is the only domain absolutely required for 
catalysis. The central role of D5 for the 
splicing reaction is further reflected by the 
fact that it is the most phylogenetically 
conserved part of group II introns.[95] D5 
generally consists of 34 nucleotides and 
forms a hairpin, whose stem is separated by 
an internal dinucleotide bulge into a lower 
helix 1 and an upper helix 2. The hairpin 
structure is typically capped by a GNRA 
tetraloop (Figure 24a).[194, 195]  
Many functional groups within D5 are 
involved in binding to D1 or are important 
for catalysis.[121, 182, 185] The residues 
important for binding to D1 project into the 
minor groove and define the continuous 
"binding face" of D5. On the opposite side 
of the molecule, the individual 
functionalities involved in catalysis span a major groove region and define the "chemical 
face" (Figure 24b).[184] Two tertiary contacts are formed from the binding face of D5 to D1, 
i.e. the κ-κ' [167] and the ζ−ζ' [30] tetraloop-receptor interactions. Another tertiary contact 
from D5 to D1 is found on the chemical side of D5 and involves the λ−λ' interaction, which 
places the chemical face of D5 close to the 5'-splice site.[185] More recent results show that 
D5 interacts also with D3, the catalytic effector, via the µ−µ' contact.[117] 
Figure 24. Structural models of D5 from Sc.ai5γ. a
Secondary structure depiction. The catalytic triad is
colored in red, the tetraloop in green, and the
dinucleotide bulge in blue. b Putative structure model
of the D5 active site showing the partitioning into the
binding and chemical face with the corresponding
tertiary contacts as described in the text. The 5' splice
site is shown in gray and tertiary contacts are




The three nucleotides AGC, located close to the 5'-end of D5, are almost invariant 
throughout group II intron ribozymes. This triad is known to be crucial for catalysis.[183, 
184, 196] Therefore, it is frequently called the catalytic triad. Another important region for 
splicing within D5 is the dinculeotide bulge separating the two helical stems.[197] Both the 
AGC-triad and the dinucleotide bulge as well as the capping tetraloop were described to 
specifically bind metal ions.[49, 175, 193]  
Structural data on D5 from Sc.ai5γ is available in form of a solution NMR-structure [49] 
as well as from X-ray crystallography.[122] Both structures show a stable D5 hairpin with 
helical A-form regions that are separated by the bulged nucleotides. Considerable differences 
between the two mentioned structures appear in this dinucleotide bulge. Hydrogen bonding 
from U9 to G26 and bulged A24 and C25 are proposed from the crystallographic data (Figure 
25a). In contrast, the NMR structure shows a new RNA folding motif, in which the U9, A24, 
C25 and G26 nucleotides are unpaired. In the latter model, G26 is twisted out of the helix and 
points down in to the major groove of helix 1, while the other three nucleotides form stacking 
interactions with the helical nucleotides. A24 is positioned intercalatively within the helical 
structure and introduces a slight kink in D5 (Figure 25b). Furthermore, the X-ray study 
describes the catalytic triad to be dynamic and somewhat disordered, but this is not supported 
by the NMR data. Additional 
structural information on similar folds 
come from a solution NMR-structure 
of D5 from Pylaiella littoralis[198] 
and an NMR structure of an extended 
U6 ISL found in the spliceosome.[199] 
All these structures share the same 
global architecture but with important 
local structural differences, especially 
in the internal bulge, and together 
confirm three magnesium ion binding 
sites at the tetraloop, the bulge, and the 
triad region.  
The large deviations in stacking 
properties of A24 in the dinucleotide bulge - which represents one of the proposed metal 
binding sites - led to the idea to study the structural changes in D5 from Sc.ai5γ dependent on 
the metal ion concentration. A24 was replaced by 2-aminopurine (2AP) for detection of local 
Figure 25. Structure of D5 from Sc.ai5γ as described by a
crystallographic studies [122] and b NMR experiments [49].
Helix I (nucleotides G1 to A8 and U27 to C34) is shown in
blue, nucleotides of helix 2 (G10 to C23), bulge nucleotides
U9, A24 and C25 in green and G26 in red. 
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conformational changes upon metal ion binding by using the fluorescence properties of 2AP 
as an additional technique to gather complementary structural and dynamic information. A 
range of metal ions were tested for their binding abilities to the bulge region in D5, i.e. Mg2+, 
Ca2+, Mn2+, and Cd2+. Mg2+ is freely available in any cell and considered to be the natural 
cofactor for group II introns.[44] Therefore, Mg2+ was used as the reference ion. Ca2+ 
neighbors Mg2+ sitting below in the periodic table of the elements and is also present in 
millimolar concentrations within certain compartments of cells.[200] This ion is found to 
inhibit the cleavage reaction of group II introns already in small concentrations.[201] The 
nature of this inhibition is unknown and no information is yet available on whether this 
influence is due to impaired folding or direct interference with catalysis. Aside Ca2+, we have 
also looked at Mn2+ and Cd2+, which are further M2+ ions important for RNA 
biochemistry.[41] Mn2+ has been described to accelerate the catalytic activity of some 
ribozymes [202-204] and is used as a probe in EPR [205] and NMR [206] experiments. Cd2+ 
is a thiophilic metal ion and is frequently used as a mimic of Mg2+ in thio-rescue studies.[193, 
207]  
Furthermore, the influence on the structure of D5 by the substitution of A24 with 2AP 
and the effect of metal ion binding to D5 was characterized in UV-melting experiments. 
Repeated transitions from folded and unfolded RNA structures and back assess the thermal 
stability of the molecules and report on changes in tertiary structure formation. Next to this, 
the melting experiments also measure the thermodynamic changes caused by the replacement 







3.2.1 Two-piece D5: Base pairing of D5-17 with D5-19-2AP  
Initially, two separate oligonucleo-
tide strands with lengths of 17 and 19 
nucleotides were used to reproduce the 
helical pattern and the bulge region of 
D5. Together, the strands contain the 
exact sequence of D5, which is self-
complementary in most parts and allows 
the strands to base pair in the correct 
fashion. The original stem-loop is cut 
symmetrically in the middle of the tetraloop to give rise to the two halves of different length, 
D5-17 and D5-19 (Figure 26). This two-piece D5 was found to be highly reactive and to 
catalyze 5'-splice-site hydrolysis when added to an RNA construct comprising D123 and exon 
nucleotides (exD123), indicating no loss in function of the full ribozyme.[208] For an 
increased stability of the double-strand helix and increased transcription yields, the strands 
were extended by one nucleotide each to result in an extra G-C Watson-Crick basepair. The 
fluorescent nucleotide 2AP was incorporated in D5-19 at position 8 and the strand was 
renamed D5-19-2AP. 
Figure 26. Depiction of the secondary structure of a two-
piece D5 formed by base pairing of D5-17 and D5-19-
2AP. The position of 2AP in D5-19-2AP is indicated in 
bold and the additional G-C basepair is indicated in gray.
Excitation and emission spectra of 
2AP incorporated in D5-19-2AP (10 mM 
MOPS, pH 6.0, 10 mM KCl, 25 °C) show a 
single band each with maximal intensities 
at wavelengths of 305 nm and 370 nm for 
excitation and emission, respectively 
(Figure 27). 
Successive addition of concentrated 
amounts of either Mg2+, Ca2+, Mn2+ or Cd2+ 
to the two-piece D5 consistently leads to an 
initial increase in 2AP fluorescence at 370 
nm, followed by a distinct decrease with linear tendency (Figure 28a). Mg2+, Ca2+ and Cd2+ 
thereby show a larger absolute change in fluorescence than what is found for Mn2+. 
Additionally, the transition from increase to linear decrease starts at lower concentrations of 
Figure 27. Excitation (solid line) and emission (dashed
line) spectra of 2AP incorporated in D5-19-2AP (10
mM MOPS, pH 6.0, 10 mM KCl, 25 °C).
44 
3. Domain 5 
Mn2+ than is the case for the other three metal ions. The curves could not be fitted with an 
equation describing the binding of one metal ion to one RNA molecule. Instead, this single 
site binding fit needed to be combined with a linear decrease to fully simulate the 
progressions (eq. 7, Section 5.4.2). Dissociation constants from these initial raw experiments 
turn out to be KD,Mg = 0.96 ± 0.20 mM, KD,Ca =0.56 ±0.09 mM, KD,Mn =0.07 ± 0.01 mM and 
KD,Cd =0.33 ± 0.05 mM (Table 2). 
Metal ion titrations of D5-19-2AP only were carried out analogously and result in a 
fluorescent decrease after some initial minimal rise (Inlet Figure 28a). Single strand D5-19-
2AP is assumed to be a random coil RNA without any specific structural organization in the 
presence or absence of metal ions. Therefore, titration experiments of D5-19-2AP indicate 
that the decrease does not reflect changes related to the bulge structure but is due to a 
structure-unspecific, systematic event. In an attempt to compensate for the linear decrease in 
two-piece D5, single strand D5-19-2AP titrations were used as baseline corrections. 
Subtraction of single strand D5-19-2AP fluorescence, normalized via division by the 
fluorescence value in the absence of metal ions, from the original duplex titration normalized 
in the same way yields curves, which no longer can be simulated by the single site binding 
isotherm to satisfying extent (Figure 28b) or meaningful fit values (data not shown).  
Table 2. Comparison of KD values (µM) for Mg2+, Ca2+, Mn2+ and Cd2+ binding to the two-piece D5 and D5-36-2AP 
in various experiments. KD values are the weighted mean from at least three experiments and error limits correspond 
to one standard deviation. 
  DTT HPLC KD,Mg KD,Ca KD,Mn KD,Cd  
 Two-piece D5 - - 959 ± 198 566 ± 88 64 ± 10 325 ± 52  
               
 D5-36-2AP - - 12.3 ± 0.2 10.3 ± 0.2 4.3 ± 0.2 3.1 ± 0.2  
  + - 7.9 ± 0.2 9.3 ± 0.3 2.1 ± 0.1 n.d.a  
  + + 196.0 ± 9.9 144.1 ± 10.2 35.1 ± 3.2 n.d.a  
a could not be determined because of binding of Cd2+ to DTT and impairment of 2AP fluorescence. 
Judging from the signal progressions during the titrations (Figure 28) without relying on 
any values from fits, addition of Mg2+ and Ca2+ to the two-piece D5 causes a similar change 
in 2AP signal and a comparable overall steepness of the increase, before and also after 
correction. The impact of Cd2+, which induces a similar fluorescence change as Mg2+ and 
Ca2+ in duplex titrations, is reduced to smaller amounts and becomes comparable to what is 
found for Mn2+ after correction. In all titrations the decrease at higher concentrations after 
correction is to the most part, but not completely removed. Especially in the case for Mn2+ a 
considerable amount of decrease persists.  
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All in all, the correction attempt did not lead to any useful interpretation of the data and 
this initial approach was found to be not fully satisfying. 
 
Figure 28. 2AP fluorescence intensity changes in D5-19-2AP upon metal ion addition. a Representative curves of
two-piece D5 titrations. Inlet: D5-19-2AP single strand titrations. b Titration corrected as described in text. ■,
Mg2+; ●, Ca2+; , Mn2+; , Cd2+. RNA concentration was kept at 10 µM. The solid lines represent the fit of the
experimental data with the single site binding isotherm combined with a linear decrease (eq. 7, Section 5.4.2). λex =
310 nm, λem = 370 nm, 10 mM MOPS, pH 6.0, 10 mM KCl, 25 °C 
3.2.2 Full-length D5-36-2AP 
A full length construct D5-36-2AP 
(extended with an additional G-C base pair at 
the helix end) containing 2AP at position A25 
(Figure 29) was studied in subsequent 
experiments in an attempt to simplify the 
results and avoid possible saturation problems 
during experiments involving two separate 
strands. Additionally, an advanced titration 
technique developed in the Walter Lab, University of Michigan, Ann Arbor, USA was applied 
to balance RNA dilution effects during the metal ion additions (see Section 5.4.2).[209] The 
system was further allowed to reach equilibrium conditions for a time interval of 4 min after 
every metal ion addition and concomitant mixing before data collection. Fluorescence spectra 
of D5-36-2AP were comparable to Figure 27 with maximal bands at 305 and 370 nm for 
excitation and emission, respectively. 
Figure 29. Secondary structure of D5-36-2AP.
Position of the fluorescent nucleotide 2AP is
highlighted in red.  
Comparable to the previous experiments with two separate strands, full-length D5-36-
2AP shows an initial increase in 2AP fluorescence for all metal ion tested (Figure 30a). 
Although reduced, a decrease in fluorescence at higher metal concentrations is still measured. 
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The decrease varies in every individual experiment and independently of the metal ion 
identity. To correctly account for the decrease in the experiments and to end up with accurate 
estimations of KD, several experiments spanning a range of metal ion concentrations up to 800 
µM were performed. Representative examples for Mg2+, Ca2+, Mn2+, and Cd2+ are shown in 
Figure 30a. Addition of Mg2+ and Ca2+ leads to a twofold maximal increase in fluorescence 
intensities, whereas Cd2+ induces smaller changes in fluorescence levels. Mn2+ seems to 
induce fluorescence amplitudes comparable to Mg2+ and Ca2+, but the titration is complicated 
by the overlay of a large decrease. Strikingly, the dissociation constants are roughly 
hundredfold reduced compared to the values found in titrations with the two-piece D5 set-up: 
KD,Mg = 12.3 ± 0.2 µM, KD,Ca = 10.3 ± 0.2 µM, KD,Mn = 4.3 ± 0.2 µM and KD,Cd = 3.1 ± 0.2 
µM (Table 2). 
Although at a reduced level, the linear decrease remains present in all experiments after 
the initial increase. To further avoid this decrease, we tested for the effect of oxygen 
scavengers. Indeed, addition of DTT results in the desired effect, which is most obvious in 
case of Mn2+ (Figure 30b)!! Slight remnants of the decrease can still be seen in a very few 
experiments, and sometimes even a slight increasing tendency is detected. Again, Mg2+ and 
Ca2+ are found to behave in similar ways, whereas Mn2+ does not induce the same maximal 
fluorescence change also in the presence of DTT. Dissociation constants were found to be 
KD,Mg = 7.9 ± 0.2 µM, KD,Ca = 9.3 ± 0.3 µM and KD,Mn = 2.1 ± 0.1 µM (Table 2). Titrations of 
D5-2AP with Cd2+ in buffer containing DTT were not possible, since Cd2+ is thiophilic and 
binds to the thio-groups on DTT rather than the RNA and this competition considerably 
impairs 2AP fluorescence. 
Figure 30. Relative change in 2AP fluorescence in D5-36-2AP upon metal ion addition a in buffer containing
no DTT and b in buffer containing 25 mM DTT as a ROS scavenger. ■, Mg2+; ●, Ca2+; , Mn2+; , Cd2+. The
solid lines represent the fit of the experimental data with the single site binding isotherm combined with a linear
term (eq. 7, section 5.4.2). λex = 310 nm, λem = 370 nm, 10 mM MOPS, pH 6.0, 10 mM KCl, 25 °C 
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Experiments under optimized conditions 
For a last series of experiments D5-36-2AP was purified by HPLC and titrated with Mg2+ 
and Ca2+ in a freshly prepared buffer (10 mM MOPS, pH 6.0, 10 mM KCl) containing 25 mM 
DTT. The relative fluorescence maximally increases 3.5 fold and the KD values change to 
higher numbers compared to D5-36-2AP titrations before HPLC-purification (Figure 31, 
Table 2). Otherwise, the behavior of 2AP fluorescence upon metal addition remains 
comparable to earlier experiments and is 
fitted with a single site binding equation 
assuming no linear decrease (eq. 7, a = 0). 
The fits converge better if the initial 
measurement point at 0 mM is omitted and 
result in dissociation constants of KD,Mg = 
196.0 ± 9.9 µM, KD,Ca = 144.1 ± 10.2 µM 
and KD,Mn = 35.1 ± 3.2 µM (Table 2). Mg2+ 
and Ca2+ induce similar fluorescence 
changes with comparable KD values, 
whereas binding of Mn2+ is described by a 
higher affinity but results in reduced 
maximal 2AP fluorescence change. 
Figure 31. Relative change in 2AP fluorescence of
HPLC-purified D5-36-2AP upon addition of Mg2+(■),
Ca2+ (●) and Mn2+ ( ). Intlet: enlargement of titration
with Mn2+. Fits of the experimental data (solid lides)
describe a single site binding isotherm (eq. 7, a = 0). λex
= 310 nm, λem = 370 nm, 10 mM MOPS, pH 6.0, 10 mM
KCl, 25 °C 
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3.2.3 Control experiments 
Although 2AP is being widely employed as a reporter of structure and dynamics of 
nucleic acids,[64, 210, 211] the exact fluorescence quenching mechanism and its dependence 
on the sequence and the structural context is complex and only understood in outlines.[137, 
212] Usually, the results are interpreted in qualitative amounts and need to be verified and 
validated in control experiments to rule out influences other than RNA structural changes that 
possibly lead to fluorescence quenching. Additionally, the persistent appearance of a linear 
decrease in experiments suggests a systematic loss in fluorescence, the origin of which was 
initially unknown and tested for in a number of control experiments.  
 
2AP is photochemically stable during experiments 
D5-36-2AP, D5-19-2AP as well as isolated 
2AP in context of the cyclic monophosphate (2-
NH2-PuMP, Figure 32a) were continuously 
(Figure 33a) or repetitively excited (Figure 11a, 
points 0-10). In all experiments, only a minimal 
long-term loss in fluorescence up to 1 hour is 
recorded, confirming satisfactory photostability 
of 2AP during our experiments. 
Figure 32. Molecules used to report on 2AP base
stacking. a Secondary structure depiction of D5-
38-2AP. 2AP is indicated in bold. b Chemical
drawing of 2 aminopurine riboside-3'-5'-
monophosphate (2-NH2-PuMP), sodium salt. 
 
No structural change in D5-36-2AP is observed 
upon addition of monovalent cations  
Stepwise addition of the monovalent cation K+ in place of divalent cations does not result 
in an increase of 2AP fluorescence in D5-36-2AP up to a concentration of 180 mM KCl 
(Figure 33b). Therefore, the monovalent cation K+ cannot induce a local structural change in 
the bulge region even at elevated concentrations. These results clearly indicate the specific 
involvement of a metal ion of higher valency at a binding site in the bulge of D5. Instead, the 
ubiquitous decrease is recorded. This decrease therefore does not depend on the valency of the 
metal ion used. 
 
Base stacking interactions reduce 2AP fluorescence  
Fluorescence of 2AP is known to be quenched by stacking interactions.[137] 2AP in a 
perfect double helix is fully stacked and fluorescence is quenched. If 2AP is placed in loops or 
bulges, where stacking interactions are smaller than in the double helix, higher fluorescence 
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of 2AP is measured. To test this, 2AP fluorescence in context of an A-form helix and 
influence of metal ion addition was measured on a construct D5-38-2AP, in which the 
originally bulged nucleotides A25 and C26 in D5-36-2AP are matched by their Watson-Crick 
partners to result in a perfect hairpin (Figure 32b). Indeed, measured absolute intensities are 
reduced 3-4 fold compared to intensities in D5-36-2AP and no change in fluorescence apart 
from the linear decrease is detected upon Mg2+ addition (Figure 33c). Therefore, 2AP in the 
bulge of D5-36-2AP reports on a partially unstacked nucleotide and the fluorescence decrease 
is not associated to degree of stacking interactions. 
 
Metal ions do not influence 2AP fluorescence directly 
A 2-aminopurine riboside-3'-5'-mono-phosphate (2-NH2-PuMP, a cyclic fluorescent 
nucleotide, Figure 32a) was used to simulate the behavior of 2AP in the absence of 
neighboring bases and to further check for direct quenching of 2AP fluorescence by metal 
ions. Titration experiments were performed with Ca2+ and Cd2+ as well as buffer for 
comparison. Absolute fluorescence intensities of 2-NH2-PuMP are very high compared to 
2AP in context of RNA polymer like D5-36-2AP, as is expected for a maximally unstacked 
nucleotide with full quantum yield of fluorescence. A constant decrease in 2AP fluorescence 
occurs in all titrations, which was independent of the nature of metal ion (Figure 33d), metal 
ion concentration or the presence of metal ions altogether (data not shown). Addition of buffer 







1h. b Fluorescence of
D5-36-2AP upon
addition of K+. c 2AP
signal from D5-38-
2AP in titration with
Mg2+. d Influence of
metal ion addition on
2-NH2-PuMP fluores-
cence. ■, Ca2+ and ○,




only. λex = 310 nm, λem
= 370 nm, 10 mM
MOPS, pH 6.0, 10
mM KCl, 25 °C 
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Oxygenation of solution quenches 2AP fluorescence 
The decrease in fluorescence, which was omnipresent in all experiment so far and the 
cause of which could not be assigned for a long time, was eventually found to depend on the 
manual pipeting procedure. If the solution is left undisturbed in between measurements, only 
a minimal change of fluorescence is detected. Repeated mixing of the solution in between 
measurements instead causes a considerable loss of fluorescence (Figure 34a). 30 rounds of 
pipeting the sample up and down to mix contents leads to a substantial linear decrease. The 
slope of the decrease is reduced if the solution is only mixed 10 times in between 
measurements. Increased contact of the solution with air in combination with excitation by 
light causes increased levels of reactive oxygen species (ROS) that react with the excited 
states of 2AP and quench its fluorescence. Therefore, mixing was reduced to a minimum 
during titration experiments to minimize the fluorescence decrease that is of non-structure 
related manner. 
 
Oxygen scavengers protect D5-36-2AP from loss of fluorescence 
To further circumvent this problem, the samples were degassed before the experiments 
and oxygen scavenger molecules, i.e. DTT; TCEP or Vitamin C were added to the solution. 
TCEP is found to interact with electronic structure of 2AP, since the 2AP fluorescence in the 
presence of TCEP is dramatically reduced and excitation as well as emission spectra change 
considerably. Addition of Vitamin C resulted in similar findings. Therefore, both TCEP and 
Vitamin C were found to be not suitable for fluorescence experiments with RNA. 
Figure 34. Influence of oxygenation and DTT addition on 2AP fluorescence. a Decrease in fluorescence is
dependent on the mixing procedure. Fluorescence stays nearly constant in repeated measurements without disturbing
the solution (measurements 0-10, solid linear fit), 30 rounds of pipeting the solution up and down in between the
scans introduce considerable decay (measurements 11-18, dashed linear fit), whereas 10 rounds of mixing before the
measurement lessen the amount of decrease (measurements 19-25, dotted linear fit). b D5-36-2AP titration with
Mn2+ in the presence (■) and the absence (○) of DTT. Inlet: comparison, fluorescence signal is normalized via
division by the value recorded in the absence of divalent metal ions. λex = 310 nm, λem = 370 nm, 10 mM MOPS, pH
6.0, 10 mM KCl, 25 °C  
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DTT on the other hand, which together with β-mercaptoethanol is generally used in 
fluorescence measurements,[213, 214] does not influence the positions or shapes of excitation 
and emission bands in the spectra. DTT proved to be the most efficient oxygen scavenger and 
led to the most promising results. In the presence of DTT, the linear decrease observed in all 
experiments is reduced to a minimum. This is most obvious in the case of Mn2+, where the 
loss in fluorescence was previously found to be most pronounced (Figure 34b). The absolute 
amount of fluorescence is slightly reduced in the presence of DTT. Metal ion addition still 
induces an increase, which turns out to be almost identical to the former experiments in the 
absence of DTT if fluorescence signals are normalized via division by the value in the 
absence of divalent metal ions (Inlet Figure 34b). One drawback of the utilization of DTT is 
the fact that DTT contains thio groups. Since Cd2+ is thiophilic and forms complexes with thio 
groups in DTT, it was not possible to perform Cd2+ titration experiments in the presence of 
DTT. Excitation and emission spectra were impaired and titration experiments led to no 
meaningful results.  
 
3.2.4 Thermal stability changes in D5 upon introduction of 2AP and 
titration with metal ions 
The specific binding of divalent metal ions to D5 has been proposed before.[49, 122, 175] 
The binding of cofactors potentially induces structural rearrangements and is reflected in 
changes in thermal stability. Furthermore, possible structural aberrations due to the identity of 
the metal ion cofactor (differences in binding positions, coordination, orientation or size of 
metal ion cofactor) can also be detected by measuring UV-melting curves. Melting of the 
RNA in these experiments is recorded in an aqueous solution and in the presence of 100 mM 
KCl. Under these unbuffered (i.e. in the absence of MOPS) and exclusively monovalent metal 
Table 3. Melting temperatures Tm (°C) and metal ion dependency for thermal melting for D5-36-2AP and D5. 
KD (mM) are weighted mean values from three heating cycles and the error limits correspond to one standard 
deviation. 
  MOPS [KCl] [M2+] Tm,K Tm,Mg Tm,Ca KD,Mg KD,Ca 
 D5-36-2AP + 10 0 55.5 ± 0.4 -  -   -   -  
  + 10 1 -  80.8 ± 0.5 -   -   -  
             
 D5 + 10 0 58.9 ± 0.3 -  -   -   -  
  + 10 1 -  83.3 ± 0.3 -   -   -  
  - 100 0 73.1 ± 1.2 -  -   -   -  
  - 100 20 -  88.1 ± 0.9 83.2 ± 0.6  -   -  
  - 100 -  -   -   -  1.1 ± 0.2 1.2 ± 0.2
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ion conditions, the RNA melts in a single transition described by Tm = 73.1 ± 1.2 °C (Figure 
35a, b). Thermal stability changes in D5 are measured upon metal ion addition from 0-20 mM 
Mg2+ or Ca2+. In the presence of divalent metal ions, the formerly linear baseline drift 
converts into an additional exponential transition. This first transition at lower temperatures 
does not experience any stabilizing effect upon metal ion addition, it is found to scatter 
around 65-75 °C in an undefined manner. On the other hand, the presence of both Mg2+ and 
Ca2+ results in an increase in melting temperature of the second transition at higher 
temperature (Figure 35a). The stabilizing effect is found to be more efficient for Mg2+. 
Maximal transition temperature are 88.1 ± 0.9 °C at 20 mM Mg2+ and 83.2 ± 0.6 °C at 20 mM 
Ca2+ and showed a difference of about 5°C. The apparent KD values are KD,Mg = 1.1 ± 0.2 mM 
and KD,Ca = 1.2 ± 0.2 mM if the experimental data are fitted with the Hill equation (eq.11).  
In order to estimate the influence of 2AP substitution on the stem-loop structure stability, 
UV melting curves of D5-36-2AP and the analogous RNA construct D5 without 2AP were 
measured in a buffer containing 10 mM MOPS, pH 6.0 and 10 mM KCl. Upon gradual 
heating from 20-95°C, the RNA melts in a single transition at Tm of 58.3 ± 0.3 °C or 55.5 ± 
0.4 °C for D5 and D5-36-2AP, respectively (Figure 35b) if assuming a linear baseline drift in 
the folded state (eq. 8). In the presence of 1 mM Mg2+, a large change in the melting profile 
can be seen (Figure 35b). The melting profile is shifted to higher temperatures, indicating 
extensive stabilization by Mg2+, and the formerly linear tendency at lower temperatures is 
reduced to a minimum. Instead, a double melting transition appears. The lower transition is 
not stable in repeated heating cycles and clusters around 74 °C and 69 °C for D5 and D5-36-
2AP, respectively. In contrast, the second transition at higher temperature is uniformly found 
Figure 35. Influence of metal ions and introduction of 2AP on the melting transition of D5. a Increase in melting
temperature of D5 upon metal ion addition. ■, Mg2+; ○, Ca2+. Solid lines depict fit with Hill equation (eq. 11) and
reveal apparent KD values of KD,Mg = 1.1 ± 0.2 mM and KD,Ca = 1.2 ± 0.2 mM. b Melting curves of D5 (open
symbols) and D5-36-2AP (full symbols) in the absence and the presence of 1 mM Mg2+. Solid lines are fits
describing one (0 mM Mg2+, eq. 8) or two (1 mM Mg2+, eq. 9) melting transitions. ■, D5-36-2AP, 0 mM Mg2+; ●,
D5-36-2AP, 1 mM Mg2+; , D5, 0 mM Mg2+; , D5, 1 mM Mg2+  
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at 83.3 ± 0.3 °C and 80.8 ± 0.5 °C for D5 and D5-36-2AP, respectively. This transition 
temperature of the melting event at high temperatures consistently shows a reduction of 3 °C 
upon 2AP introduction into D5, both in the presence and the absence of Mg2+. 
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3.3  Discussion and Conclusion 
3.3.1 Unstacking of 2AP in the D5 bulge upon metal ion binding 
Addition of divalent metal ions to D5-36-2AP results in an increase in fluorescence of 
2AP positioned at the dinucleotide bulge (Figures 30 and 31). This signal change is thought to 
be due to alterations in the local conformation caused by the binding of a metal ion to or in 
close vicinity of 2AP. Compared to D5-36-2AP, the fluorescence intensity of the cyclic 
monophosphate derivative 2'-NH2-cPuMP is found to be dramatically elevated, whereas the 
perfect hairpin D5-38-2AP shows a >3-fold reduced signal under identical conditions. This 
observation beautifully reflects the influence of base stacking on 2AP fluorescence, showing 
maximal fluorescence in the absence of neighboring bases and indicating extensive quenching 
in context of an A-form helix. 
Intermediate fluorescence of 2AP at position 25 in the dinucleotide bulge of D5-36-2AP 
indicates a partially unstacked nucleotide. Upon divalent metal ion binding in vicinity of this 
nucleotide, changes in interactions with surrounding bases occur and result in loosening of the 
bulge structure as reported by increasing fluorescence signals. A25 apparently experiences 
reduced stacking interactions in the partially helical environment and becomes more exposed 
to solution. The extent, to which this is achieved, cannot be estimated in numbers, since the 
experiments conducted in this work only result in a qualitative description of the system. 
However, the results indicate that metal ion binding to the bulge induces a possible rotation of 
a bulge nucleotide around the RNA backbone out of the helix content. 
It is not possible to verify either the X-ray[122] or the NMR[49] structure (Figure 25), 
since both depict a partially unstacked A25 and furthermore deviate in buffer and cation 
conditions. For the NMR structure D5, was lyophilized from a buffer consisting of 100 mM 
KCl, 10 µM EDTA at pH 6.5 and then dissolved in H2O/D2O for experiments. Crystallization 
was successful using the sitting-drop vapor diffusion technique with an RNA-construct 
comprising domains 5 and 6 in buffer conditions of 10 mM HEPES-KOH (pH 7), 2.5 mM 
MgCl2 and reservoir solution of 50 mM HEPES-KOH (pH 7), 10 mM MgCl2, 1-1.2 M 
(NH4)2SO4 and 0.1 mM spermine.[122] The bulged nucleotides in the X-ray structure form 
intermolecular lattice contacts to sister molecules, which might influence the conformation 
adopted in the crystal. As shown in the 2AP titration experiments, the positions of the bulged 
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3.3.2 Decreasing fluorescence drift during measurements 
All experiments are complicated by the appearance of a linear decrease in fluorescence 
signal occurring throughout the titrations. The nature of this loss of fluorescence was hidden 
to us for a long time and suspected to be of systematic and non-structure-related origin. The 
linear decrease could not be described by a value that was constant throughout different 
experiments as it varies in every individual experiment. Control experiments to test for direct 
quenching of 2AP fluorescence by metal ions were carried out with a cylic 2AP 
monophosphate (2'-NH2-cPuMP). Addition of Ca2+ or Cd2+ over a large concentration range 
revealed no additional quenching compared to dilution with buffer only. Therefore, addition 
of metal ions per se does not result in fluorescence quenching of 2AP. Dilution effects 
certainly lower the measured intensities. However, they can be measured as well as calculated 
and turn out not to fully account for the total loss of fluorescence. A gradual loss of 
fluorescence during constant or repeated excitation due to photobleaching is detected, but is 
determined to be minimal.  
The loss of fluorescence turned out to distinctively depend on the mixing procedure in 
between measurements (Figure 34a). Reduced and careful manual mixing, during which the 
amount of bubble generation in solution was kept to a minimum, results in a much less 
pronounced reduction in fluorescence. Molecular oxygen and its ROS are known to be 
prominent and efficient quenchers of both singlet and triplet excited states. Increased contact 
with oxygen from air causes oxygenation of the solution. Subsequent excitation with light 
leads to an elevated level of ROS that can react with excited states to ultimately result in 
fluorescence quenching. Therefore, mixing in between data collection was restricted to a 
minimum of 3 rounds of pipeting up and down. Additionally, a ROS scavenger in form of 
DTT was added to the solution, which results in near elimination of the linear decay (Figure 
34b). Complete prevention of the linear drift could not be achieved, which might be 
associated in part to concentration, age and decomposition state of DTT.  
 
3.3.3 Influence of metal ion identity 
Independent of the experimental set-up, the behavior and the amplitude change of 2AP 
fluorescence upon addition of Mg2+ and Ca2+ remained similar (Figures 28, 30 and 31). 
Therefore, the impact of binding of Mg2+ or Ca2+ on the local structure in the dinucleotide 
bulge is comparable, both in absolute and relative changes in fluorescence as well as in the 
values of the dissociation constant KD (Table 2)  
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Mn2+ and Cd2+ on the other hand were found to deviate from the two metal ions 
mentioned before and show smaller KD values as well as reduced changes in intensity. Buffer 
conditions and correction procedures influence titrations with Mn2+ and Cd2+ much more and 
the general results set Mn2+ and Cd2+ apart from Mg2+ and Ca2+. The higher affinities of Mn2+ 
and Cd2+ but their smaller influence on local conformation indicate altered binding to and 
different local structure of D5 compared to Mg2+ and Ca2+.  
The influence of oxygenation detected by the decrease in fluorescence was most 
pronounced in the case of Mn2+ (Figures 28 and 30). It seems that the interaction of this 
particular metal ion with 2AP renders the excited states most susceptible to react with oxygen 
species. The manifold possible mechanisms that influence 2AP fluorescence make it difficult 
to deduce the reason for this. It could be an alteration in charge-transfer processes of 2AP due 
to the binding of metal ions or modifications in π-stacking interactions due to a slightly 
altered conformation of the bulge in the presence of Mn2+ compared to the other metal ions, 
just to mention two possibilities.[212] However, it is clear that the electronic structure of 2AP 
in the excited state in context of the RNA is not the same with every metal ion tested. The 
scavenger effect of DTT was most efficient in the case of Mn2+ (Figure 34b). Titrations with 
Cd2+ in the presence of DTT were not possible since Cd2+ binds with high affinity to 
thiogroups in DTT rather than acting as a scavenger for ROS, leaving RNA free for oxidative 
damage and, in addition, severely derange 2AP excitation and emission spectra. 
 
3.3.4 Dissociation constants of metal ion binding to D5 
Formal ligation of the initially separated halves of D5 led to a nearly hundredfold 
reduction in KD for metal ion binding to the D5 bulge as detected by 2AP fluorescence (Table 
2). The discontinuity of the tetraloop results in inter- rather than intramolecular formation of 
hydrogen bonding and apparently reduces the metal ion binding affinities of full-length D5. 
The tetraloop itself is described to be a metal binding site[49, 175] and might guide the 
overall formation of the molecule, since the tetraloop introduces a turn and brings the two 
halves of D5 in close proximity and facilitates basepair formation. In this study, the focus is 
on the local structure of the dinucleotide bulge, which also provides a metal binding site.[49, 
175] Intensity changes in 2AP in the bulge should not directly report on binding of a metal ion 
at the tetraloop, but if the absence of the tetraloop changes the overall metal ion requirements 
this certainly would also be reflected in the KD for binding of metal ions to the dinucleotide 
bulge. Furthermore, the initial system is complicated by the use of two separate strands to 
constitute the full-length D5. Variations in concentrations of the separate strands influence the 
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binding ratio and full saturation of the 2AP labeled strand might not always be completely 
reached.  
Addition of DTT as an oxygen scavenger results in quenched absolute fluorescence 
signals and leads to changes in KD values (Figure 34, Table 2). Nevertheless, relative changes 
in fluorescence remained constant to a large extent and changes in KD were relatively small 
(10-50 %). Differences in KD might furthermore be connected to the fact that the linear decay 
overlays with the actual data and perfect resolution might still not be achieved. Overall and 
apart from Cd2+, DTT addition to the buffer is a valuable alternative to avoid quenching of 
fluorescence that is unrelated to structural changes. 
The KD values vary strongly with different conditions (Table 2). The reproducibility is 
very good when working under constant conditions, i.e. identical buffer stocks and sample 
aliquots. HPLC analysis reveals a typical pattern of shorter fragments due to the chemical 
synthesis with the largest peak corresponding to the full-length product and a few minor peaks 
eluting at shorter retention times. The isolation of the full-length product also removes 
residual organic chemicals used during the chemical synthesis of D5-36-2AP that might 
influence 2AP fluorescence. An overall increase in fluorescence that could be fitted with the 
single site binding isotherm[25] was confirmed in all experiments. However, after HPLC-
purification the fluorescence intensity changes were elevated and KD values increased roughly 
15 fold. 
 
3.3.5 Melting curves 
Melting temperatures of the D5 and D5-36-2AP hairpin structures are found to highly 
depend on monovalent, as well as divalent metal ion concentrations. The increased thermal 
stability indicates distinct metal ion binding and thereby formation and stabilization of higher 
order structures. A stabilization of 15 °C is found when increasing KCl from 10 mM (10 mM 
MOPS, pH 6.0) to 100 mM in H2O (Table 3). Divalent metal ions stabilize D5 and D5-36-
2AP even further. In a background of 10 mM KCl, the melting temperature is found to shift 
up to 25 °C by the addition of 1 mM MgCl2. The maximal thermal stability of the D5 hairpin 
is found to depend on the identity of the divalent metal ion. At 20 mM Mg2+ the maximal 
melting transition is 5 °C higher than what in 20 mM Ca2+, indicating an altered structural 
conformation of D5 depending on divalent ion identity (Table 3). 
The UV-melting profiles in the absence of divalent metal ions show one single melting 
transition. The observed baseline drift could correspond to weak temperature-dependence of 
the folded hairpin state. But the slope of this drift is high compared to baseline drifts in 
58 
3. Domain 5 
melting profiles for of other small RNAs[215, 216] and might possibly correspond to another 
melting event, which linearly depends on temperature in the absence of divalent metal ions. 
This same melting event experiences additional stabilization upon addition of divalent metal 
ions and becomes a sigmoidal transition, to which a melting temperature can be assigned. 
However, the linear baseline drift in the folded state is always included in the fitting equation 
(eqs. 8 and 9).[217] In the presence of divalent cations, the melting curves depict two melting 
events at two different temperatures. There are (at least) two possible mechanisms that 
explain this behavior.  
First, the two transitions could indicate the presence of two subfragments of different 
stabilities[218] and would then be attributed to the two helices in D5 that are separated by the 
bulge. While the hairpin structure apparently melts cooperatively in the absence of divalent 
metal ions, the structures of the two helices become stabilized and denature distinguishably – 
although most probably not completely independently - upon heating in the presence of 
divalent metal ions. The lower melting temperature corresponding to the melting of the 
shorter helix 1 (5 basepairs, 3 G-C basepairs, Figure 29) is found to scatter between 60-77 °C, 
not revealing any distinct divalent metal ion dependencies. The second melting event at high 
temperatures on the other hand is a typical sigmoidal transition that shows distinct 
dependencies on the metal ion concentration. This transition describes the melting of the 
longer helix 2 (10 basepairs, 5 G-C basepairs), which is known to harbor a specific Mg2+ 
binding site at the AGC-triad.[49, 175, 193] It is most probably not only this metal ion 
binding site at the catalytic triad that is reflected by the apparent KD of the temperature shift of 
the second transition, since the other metal binding sites at the bulge and the tetraloop will 
certainly influence the stability of the hairpin structure, too. Yet, UV absorbance increases 
upon destacking, described by the so called hypochromic effect, and the rise in temperature 
increases absorbance due to loss of stacking,[219] which is most pronounced in melting of 
helices compared to (already) single stranded structures like bulges and loops.  
Alternatively, the two-transition melting profile could correspond to the loss of a metal 
ion that binds to the bulge and subsequent two-state break up of the hydrogen bonding 
network in the hairpin possibly starting from the bulge region, which is no longer stabilized 
by the metal ion. Compared to the thermal stability of the sum of all the hydrogen bonds in 
the hairpin (∆∆G°HB ~2-10 kJ/mol[220-222]), the gain in thermal energy of metal ion binding 
to RNA is weak, and therefore this interaction will be resolved first.  
The latter mechanism seems to be more plausible to explain the observed melting profiles 
of D5. Hairpins are described to melt in a two-step transitions and have high melting 
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temperatures between 55-80 °C,[215, 223] even when the stem consists of as little as three to 
five basepairs or contain a mismatched basepair in the stem.[216, 224] The smallest RNA 
system described to unfold in at least two steps, is a hairpin with an internal loop of 6-10 
nucleotides, but only if the two helices are of sufficient stabilities, i.e. containing a lot of G-C 
basepairs.[215, 218] The D5 molecule is a short hairpin structure with an small internal 
dinucleotide bulge and its tertiary structures depict a continuous A-form helix with only a 
slight kink.[49] It is hard to imagine that the two helices of D5 would melt independently or 
with melting temperatures that differ by 15-25 °C rather than overlay or melt simultaneously. 
 
3.3.6  Conclusion 
In this chapter, the focus is set on different aspects of the influence of different divalent 
metal ion that bind to D5. It was previously found that changing the divalent metal ion from 
Mg2+ to Ca2+ results in inhibition of the catalytic activity of the whole ribozyme.[201] It is 
unclear whether this finding is due to a replacement of a metal ion that is directly involved in 
catalysis or if it reflects an effect of changes in ribozyme (sub)structure(s) that lead to an 
inactive molecule. D5 is known to sit at the heart of the active site in group II intron 
ribozymes[109, 127] and therefore, inactivation of catalysis might be caused by alterations of 
the central D5 element. D5 is indispensable for catalysis[182, 183] and structural data on this 
small hairpin structure is available, too.[49, 122] It was previously found that the metal ion 
binding sites in D5 persist in the isolated as well as the Sc.D135 ribozyme, suggesting a 
similar structure of D5 in the absence and the presence of the ribozyme scaffold.[175] In an 
attempt to address the role of metal ions in function for folding or catalysis, isolated D5 was 
studied here with regard to structural changes upon the addition of different divalent metal 
ions. 
The thermal stabilities of the D5 and the D5-36-2AP hairpins increase through binding of 
mono- and divalent metal ions. Maximal stability was reached by the use of divalent ions and 
was indeed found to depend on identity of divalent ion used: Mg2+, which is the natural 
cofactor of the ribozyme, introduces a significantly larger stabilizing effect than Ca2+. On the 
other hand, local structural changes at the bulge region – which is described to harbor a 
specific metal binding site and where deviations in structural data of X-ray and NMR studies 
are largest - were found to be comparable upon addition of Mg2+ and Ca2+, both in the amount 
of fluorescence change and the dissociation constant KD from fluorescence experiments.  
Therefore, contribution of altered thermal stabilization of D5 might indicate a 
contribution of D5 to the inhibitory effect of small amounts of Ca2+ found on the catalytic 
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reaction of the whole ribozyme. But it is not the influence of specific binding of a metal ion to 
the nucleotide bulge that causes these differences, since fluorescence experiments that report 
on the binding of a metal ion to the bulge lead to similar results for Mg2+ and Ca2+. Further 
experiments on metal ion binding to specific sites in D5 would involve the other two 
described binding sites, i.e. placing 2AP at positions in the tetraloop and in the AGC-triad. 
Towards this end, the thermodynamic stability studies might indicate a preference for an 
involvement of the AGC-triad.  
KD values obtained from fluorescence and thermal denaturation experiments do not 
coincide, but rather reveal differences of a factor of 5-8 (Table 4). The fluorescence 
experiments report on local binding of specific metal ion to the bulge due to placing 2AP in 
the bulge region of D5. Thermal stability measurements on the other hand might reflect metal 
ion binding to the AGC-triad or, more likely, the combination of divalent metal ion binding to 
all specific and unspecific binding sites on the D5 molecule as a whole. Consistent with an 
overlay of events of varying affinities, the KD value from UV thermal melting is higher than 
the KD value from fluorescence experiments. These results also identify and confirm the bulge 
region to be a site of somewhat higher metal ion binding affinity in D5. Yet, the experiments 
were conducted under aberrant buffer, pH as well as KCl conditions (Table 4). The Tm,K 
values are shown to differ considerably under these varying conditions (Table 3). Melting 
temperatures not only depend on divalent, but also monovalent metal ion and buffer 
conditions. The dissociation constants are deduced from a series of melting temperatures Tm 
and therefore, depend on monovalent ion conditions in the background, too. The KD values 
shown in Table 4 stem from experiments of different buffer conditions and background metal 
ion concentrations and thus, can not be directly and conclusively compared. Nevertheless, 
they can be taken as tendencies and allow plausible interpretations. 
 
Table 4. Comparison of KD values (mM) obtained from fluorescence measurements on D5-36-2AP and 
thermal melting of D5. Fluorescence experiments were performed in Standard Buffer (10 mM MOPS, pH 6.0, 
10 mM KCl), whereas thermal melting studies were conducted in 100 mM KCl only. 
  buffered [KCl] KD,Mg KD,Ca  
 D5-36-2AP + 10 0.20 ± 0.01 0.14 ± 0.01  
         





4. Single Molecule FRET 
4. Single molecule FRET studies on the group II 
intron ribozyme Sc.ai5γ reveal a new paradigm for 
folding of large RNAs 
 
4.1 Introduction 
4.1.1 Folding of Sc.ai5γ 
The splicing reaction and the secondary structure of group II introns and the folding of a 
Sc.ai5γ derivative (Sc.D135) have been introduced in detail in Chapter 1.7. In summary, the 
large Sc.D135 consists of five domains and folds to the native state in a slow and direct 
pathway that is devoid of kinetic traps[125] following an apparent two-step folding process 
involving an on-pathway intermediate (Figure 36).[130] The intermediate contains a collapsed 
form of D1, the formation of which is the rate-limiting step in folding.[132] Recently, it has 
been found that the initial and specific collapse of D1 is controlled by the κ-ζ region.[56] This 
small substructure lies at the center of D1, it is the docking site for D5 through tertiary contact 
formation and constitutes a part of the active site. Additionally, the κ-ζ region is also shown 
to be a metal ion binding pocket and prone to act as a metal ion dependent switch to initiate 
the cascade of folding events.[56, 225] Yet, the compaction rate constant is only slightly 
dependent on Mg2+ concentration, indicating the formation of an unstable folding 
intermediate that is captured upon binding of a Mg2+ ion to a weak metal ion binding site. 
Sc.D135 undergoes a fascinating folding pathway that mainly relies on the rate-limiting 
folding of a perfectly positioned subfragment to ensure proper active site formation for 
successful splicing already at the earliest stages of folding.  
In its simplest form, the folding mechanism of the Sc.D135 ribozyme has so far been 
described by U ↔ I ↔ N (Figure 36b). The starting state U (unfolded) is defined as the 
extended form of the molecule in the presence of monovalent ions that adopts extensive 
secondary, but no tertiary structure. The rate-limiting and slow folding step U ↔ I, during 
which the large D1 undergoes massive compaction, dominates the entire folding pathway. 
The subsequent second step I ↔ N is known to be fast, but is not well characterized. So far, 
there is no evidence for any on- or off-pathway intermediate folding species next to and after I 
using standard biochemical techniques. It is generally believed that the remaining domains 
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fold rapidly into their native positions onto D1, which represents the folding scaffold. Folding 
of D2-D6 appears to take place in a concerted, but independent docking fashion.[132] This is 
somewhat surprising when considering the size and functionality of the isolated domains.  
As mentioned previously, the molecule undergoes massive compaction upon folding. The 
hydrodynamic radius (RH) of the molecule is reduced from 146 to 81 Å upon addition of 
monovalent metal ions and secondary structure formation (formation of U from a random coil 
structure). Addition of divalent metal ions induces the tertiary collapse and concomitantly, RH 
is further minimized to 61 Å.[130] These folding events are accompanied by extensive 
conformational changes in the molecule over a distance range that is potentially accessible by 
FRET (Chapter 1.8.3, Figure 16). The FRET technique has been successfully applied for 
systems that are too large or too dynamic to be studied using other structural techniques.[226-
228] These studies demonstrate the potential of FRET and imply possible applications of the 
technique to further and also larger RNA system, i.e. Sc.D135.  
Figure 36. Sc.D135 secondary structure and folding pathway. a Depiction of the secondary structure of
Sc.D135. The domains are colored in blue (D1), gray (D2);. green (D3), light gray (D4) and orange (D5) and the
greek letters indicate positions of nucleotides involved in tertiary contacts. b Folding pathway of Sc.D135 at
non-physiological conditions starting from the unfolded state (U) in the presence of monovalent ions only.
Divalent metal ion addition initiates the slow folding step to the transient intermediate (I), in which D1 gets
compacted, and the subsequent fast folding step to the native state (N). Figure b is adapted from [84].
(Pyle/Fed/Wald2007)
FRET requires the presence of fluorescent dyes. The intrinsic fluorescence of normal 
RNA bases is very weak and therefore, fluorescent groups need to be introduced into the 
RNA for luminescence studies.[228, 229] Modified fluorescent bases exist, but their 
luminescence intensity is usually still relatively weak and their fluorescence is likely to be 
quenched by base-pairing interactions.[230] Many fluorescence studies therefore rely on the 
site-specific introduction of very powerful and stable extrinsic fluorophores.[228] Dependent 
on the site-specific positioning of the fluorophore pair on the molecule, the distances and the 
fluctuations of selected parts in the molecules relative to each other can be measured by 
FRET.[139, 231] Such it becomes possible to observe the structural transitions during the 
biological function in real-time. This information is used to characterize the tertiary structure 
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of nucleic acids, to extract folding rates and to determine pathways and free energy 
landscapes of RNA.[232-234] 
 
4.1.2 Techniques to label RNA with fluorophores 
The nucleic acid base and backbone residues are usually of inert chemical nature and it 
thus becomes necessary to introduce extrinsic reactive groups into the molecules. There are a 
number of labeling strategies to attach fluorophores to nucleic acids.[235] For relatively short 
nucleotides (<40-100 nts) that are produced by solid-phase RNA synthesis it is possible to 
introduce fluorescent nucleotide analogs during synthesis.[236, 237] Alternatively, specific 
reactive groups (e.g. amine, thiol, thiophosphates) are incorporated into the RNA. After the 
chemical synthesis, these reactive groups can be coupled with a wide variety of chemical or 
spectroscopic probes. In this way it is possible to introduce terminal or internal fluorescent 
labels into base or backbone moieties.[231, 238] A large number of spectroscopic probes and 
modified phosphoramitides is commercially available from companies such as Molecular 
Probes and Glen Research. In addition, service laboratories such as Keck WM and 
Dharmacon offer customized chemical synthesis solutions for the most common applications.  
The labeling strategies are more difficult in the case of large RNA (>100 nts) that can no 
longer be synthetically produced to satisfying yields and need to be isolated from cell extracts 
or originate from in vitro transcriptions.[239, 240] It is generally difficult - although partially 
possible[241, 242] - to incorporate a non-natural nucleic acid into a sequence during 
transcription, since the reaction is performed by RNA polymerase and this protein is carefully 
designed to only accept the natural bases as substrates and has an error rate of less than 1 per 
million.[243] In principle, it is possible to prime the transcription partially with guanosine 5'-
monophosphorothioate (GMPS), although the transcription yield is usually reduced.[244, 245] 
The non-natural thiol group can then be reacted with thiol-reactive fluorophore derivatives. 
Alternatively, the RNA termini can posttranscriptionally be modified to phosphoamidates (5'-
end)[235, 246] or oxidized to dialdehydes (3'-end)[126] and subsequently be labeled with 
fluorescence derivatives. These processes require multiple subsequent reaction steps that 
potentially reduce the RNA yields.  
It remains a challenging task to site-specifically and covalently introduce a modification 
in the middle of an large RNA sequence.[235] In one approach, a long RNA can be divided 
into a set of smaller sequences, which are either in vitro transcribed or synthetically made and 
labeled using chemical synthesis. The RNA pieces are then linked in a template based ligation 
reaction using a DNA splint and T4 DNA ligase.[247] Yet, the efficiency of the ligation is 
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very construct dependent and this and other techniques can unfortunately not be used as 
general tools.[235] 
A further technique makes use of the complementarity of bases to ultimately attach 
fluorophores to RNA rather than linking the fluorophores covalently to the RNA strand.[248] 
Short synthetic DNA-oligos carrying terminal fluorophores are designed with sequences that 
are complementary to specific single stranded loop structures within the long RNA. Given 
sufficient specificity of the DNA-oligo to an optimally chosen sequence in the large RNA, 
this approach allows efficient and site-specific labeling of RNA with fluorophores for 
biophysical studies through oligonucleotide hybridization.[248] 
 
4.1.3 Single molecule FRET spectroscopy 
Advantages of single molecule spectroscopy 
The strong distance dependence of FRET has been utilized for biochemical studies in 
ensemble averaged solution to measure distances or overall distance changes and kinetics 
upon folding.[64] Recent advances in fluorescence microscopy[249] now also allow the 
detection of FRET at the single molecule level[250-252] and provide the tools to move a step 
forward towards the unraveling of the details of molecular processes. Using single molecule 
FRET (smFRET) spectroscopy, it becomes possible to record data from one single molecule 
isolated from its neighbors in real-time. The smFRET time traces reveal stochastic 
fluctuations between apparently distinct and preferred conformational states and allow the 
measurement of fluctuation rate constants under equilibrium conditions. In addition, smFRET 
experiments directly observe possible transient intermediates and parallel folding pathways 
including static and dynamic heterogeneity. This information is difficult or impossible to 
derive from bulk measurements since the contributions of short-lived and minor events are 
weak and become hidden when looking at the averaged signals of a large number of 
molecules at the same time.[148] Indeed, smFRET studies have revealed that identical 
molecules are able to follow different paths to new equilibrium states rather than that undergo 
a well-ordered set of events.[141, 144] 
 
Total internal reflection fluorescence spectroscopy  
There are two major techniques to achieve single molecule sensitivity: the confocal and 
the total internal reflection (TIR) fluorescence microscopy. The method of choice in this work 
is TIR fluorescence microscopy[148, 253] and hence, it will be summarized in more detail 
here. For information on confocal spectroscopy, please refer to [254]. 
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A sample of FRET-labeled molecules is immobilized via the streptavidin-biotin 
interactions on a quartz slide and fixed in an inverted microscope (Figure 37). As an intense 
light source, a laser beam is focused on the sample through a prism at a particular angle of 
incidence (θ). This angle has to be larger than the critical angle (θc), beyond which the 
refracted beam does not penetrate the solution any more. The critical angle is determined by 





nsin =θ      (5)  
Figure 37. Single molecule detection by TIR fluorescence microscopy. The laser beam (incident angle θ>θc)
is focused through the prism and reflected on the slide-water surface, generating an evanescent wave that
excites immobilized molecules in an area up to 100 nm away from the slide surface. The emitted light is
collected by the objective, split in donor and acceptor light using a dichroic mirror and recorded by the CCD
camera. The molecules appear on the computer screen as bright dots on a black background. The section
shown corresponds to the combined signals of the donor and acceptor emission. 
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The wave properties of the incident light generate an evanescent field at the slide/water 
interface that is typically able to excite molecules up to ~100 nm away from the slide 
surface.[257] The fluorescence light of these molecules is collected by the microscope 
objective onto an area detector (typically an intensified charged-coupled device (CCD) 
camera). Fluorescent signals from the donor and the acceptor molecules are separated with 
dichroic mirrors and detected as individual but congruent images on the CCD chip. The single 
molecules appear as tiny dots on the images that look like starlit skies and can be overlaid. 
The time-trajectories of relative smFRET efficiencies are calculated from integration of the 




IE γ+=      (6)   
E describes the relative FRET efficiency, IA and ID are the acceptor and donor emission 
intensities, respectively, and γ is the acceptor-to-donor ratio of the product of fluorescence 
quantum yield and the instrument detection efficiency in the respective channel that typically 
is γ ≈ 1.[258] 
TIR fluorescence spectroscopy excites only a very thin sheet at the interface of the 
microscope slide and the solution (~100 nm), thereby reducing the background signal as well 
as the amount of photobleaching outside the observation volume. Furthermore, the TIR 
illumination and CCD camera imaging allow the observation of a wide field of single 
molecules without the need for sample scanning. Multiple molecules are detected in parallel 
and hence, the time necessary to collect a statistically significant number of single molecule 
time traces is relatively short. Next to all these advantages, TIR fluorescence spectroscopy is 
only limited by the time resolution of current CCD technology that is ~100 times lower 
compared to the fastest avalanche photodiodes (APDs) used in confocal fluorescence 
microscopy.[148]  
 
4.1.4 Aim of chapter 
The folding pathway and structure of the group II intron ribozyme Sc.ai5γ and its 
derivatives is being studied with a combined effort of various biochemical and structural 
techniques. The enormous size of this large ribozyme limits applications and interpretations of 
these standard techniques and studies are often conducted on isolated parts of the molecule 
only. Hence, there is a constantly growing amount of preliminary data, yet information on the 
entire molecule is, to a large extent, incomplete. Especially the overall folding pathway of this 
remarkable ribozyme structure is only partially understood. 
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Information on structure and folding of small ribozymes has to a significant amount been 
gained by FRET experiments and prove the feasibility of the FRET technique on RNA 
molecules. As the dimensions of Sc.D135 potentially match the distance range that is 
accessible by FRET, we set out to design and conduct a FRET study on this member of the 
group of large ribozymes that is only outsized by the largest ribozyme known to date, the 
ribosome. Since data is available on the initial and rate-limiting step in the folding pathway of 






4.2.1 Finding the optimal FRET labeling scheme for smFRET 
experiments on folding of Sc.D135 
It is crucial for any type of FRET experiment for successful structural and functional 
studies of nucleic acids to carefully choose a suitable labeling technique and the positions of 
the fluorophores on the molecule. The abovementioned oligonucleotide hybridization 
technique to efficiently label large RNAs with fluorophores[248] is a comparatively general 
and promising approach that could potentially be applied to our extremely large Sc.D135 
system. A prerequisite are structurally and functionally unimportant hairpin loops on the RNA 
molecule that can be exchanged with modular hairpin loops of complementary sequence to 
the fluorophore-labeled DNA-oligos. A three-dimensional Sc.D135 model exists that 
combines all available biochemical data on Sc.D135 (at the time of publication in 2005) and is 
constructed from an extensive collection of known distance constraints.[191] Regions, for 
which no biochemical information on tertiary contacts is available, do not show up in this 
model. Several regions exist that have not been found to be involved in any type of 
importance for the ribozyme and can potentially be replaced by an unrelated nucleotide 
sequence without harm of function or structure.  
Two hairpin loops in such regions in Sc.D135 were selected as sites for fluorescence 
labeled DNA-oligo attachment. For sufficient sequence specificity a hybrid duplex should 
have 12 or more basepairs.[248] The sequence length of the modular hairpin loops described 
in [248] (18 nucleotides) has proven to be long enough to complement a DNA oligonucleotide 
with sufficient stability for effective labeling and the DNA-RNA helix should be stably 
formed under all ionic conditions used in folding experiments. Therefore, the sequences 
indicated in [248] were adopted and introduced into the plasmid sequence of Sc.D135 at the 
appropriate positions by PCR cloning techniques using modified primers (vide infra).  
 
4.2.2 Sc.D135-L1 and Sc.D135-L4 
Sequence modifications in d2b of D1 and D4 are tolerated in catalysis 
The two newly produced Sc.D135 derivatives are shown in Figure 38. One sequence 
contains the unrelated loop in a subdomain of D1 known as d2b and is named Sc.D135-L1 
(L1: unrelated loop in D1, Figure 38b). The second sequence Sc.D135-L4 harbors the same 
unrelated loop sequence in D4 (Figure 38c), which is known to be a protein-binding site and 
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unimportant for self-splicing and whose sequence is already modified in Sc.D135 compared to 
the wild-type sequence in Sc.ai5γ (Section 1.7.2). 
Figure 38. Schematic secondary structure depiction of a Sc.D135 b Sc.D135-L1 and c Sc.D135 showing the
positions of the introduced hairpin loop (yellow) in subfragment d2b of D1 for Sc.D135-L1 and D4 for Sc.D135-L4.
The tertiary structure of ribozymes is conveniently reflected in the intrinsic cleavage 
activity of the molecules.[130] Only an active – and hence correctly formed – structure will 
result in product formation. The effect of the sequence change on the function of the ribozyme 
was tested for in chemical cleavage assays. The ribozyme Sc.D135 is designed to actively 
cleave an exonic substrate in a hydrolytic reaction and is able to perform experiments under 
single- and multiple-turnover conditions (STO and MTO, respectively).[129] In a trans 
cleavage assay, Sc.D135 cleaves the substrate 17/7 (24 nts) that contains the last 17 nts of the 
5'-exon sequence (including both intron binding sites IBS1 and IBS2) and the first 7 nts of the 
intron, comprising the 5' splice site (Figure 39a).[129] The formation of product can be 
followed and quantified in an assay using radioactively 32P-end-labeled substrate, PAGE 
analysis and subsequent phosphoimaging (Figure 39b). 
Figure 39. Sc.D135 cleavage reaction. a Schematic depiction of cleavage of 3'-32P-labeled substrate 17/7 by Sc.D135.
The radioactive label is depicted as a yellow star and the IBS1/EBS1 and IBS2/EBS2 sequences that form WC
basepairs and serve for substrate recognition are depicted in orange and blue, respectively. The splice site on the
substrate is indicated by a circle. b Section of a polyacrylamide gel showing the appearance of the product band in STO
experiments with time. Slight shifts in band heights are due to a subtle misalignment of the combs that causes and
determines the position of the wells during gel preparation. 
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The activity of Sc.D135-L1 and Sc.D135-L4 was recorded in STO experiments with 
either 3' or 5'-32P-end labeled substrates. The kinetic parameters of cleavage and the amount 
of product formation were compared to Sc.D135 using the substrates 17/7 and a further 
substrate 17/7-dC, in which the C at the cleavage site is changed to a deoxy-C (dC). 17/7-dC 
is known to be cleaved by Sc.ai5γ derivatives at 5-15 times reduced rates[126] and is hence a 
slow-cleavable substrate. Both substrates (17/7 and 17/7-dC) were subjected to cleavage by 
Sc.D135, Sc.D135-L1 and Sc.D135-L4 and the results are summarized in Figure 40 and Table 
5. Sc.D135-L4 shows similar rates to Sc.D135 (kobs,Sc.D135-L4 = 0.54 ± 0.01 min–1 and kobs,Sc.D135 
= 0.53 ± 0.01 min–1), whereas the sequence modification in d2b of D1 has a stronger, but still 
reasonably minor impact of 20% rate reduction on cleavage of 17/7 (kobs,Sc.D135-L1 = 0.43 ± 
0.04 min–1). Cleavage rates are 15-20 times reduced and product formation drops from about 
95% to 75% when introducing a deoxy-C at the splice site (using substrate 17/7-dC).  
Figure 40. Product formation by Sc.D135 (●), Sc.D135-L1 (■) and Sc.D135-L4 (▲) for cleavage of 
substrates a 17/7, 5'-32P labeled and b 17/7-dC, 3'-32P labeled. The sequences of the substrates are shown on 
top of the graphs. The splice site is indicated with v and the underlined nucleotides represent IBS2 and IBS1 
in this order. Single exponential fits are shown for Sc.D135 (solid line), Sc.D135-L1 (dotted line) and 
Sc.D135-L4 (dashed line). Cleavage reactions were performed in 80 mM MOPS pH 7.0, 500 mM KCl and 
100 mM MgCl2 at 42°C. 
 
Table 5. Kinetic parameters for cleavage of 17/7 (5'-32P-labeled) and 17/7-dC (3'-32P-labeled).  
 substrate  ribozyme  kobs (min–1) % cleavage
  Sc.D135 Sc.D135-L1 Sc.D135-L4     
  17/7 + - - 0.53 ± 0.01 95  
  - + - 0.43 ± 0.04 97  
  - - + 0.54 ± 0.01 93  
         
 17/7-dC + - - 0.034 ± 0.001 71  
  - + - 0.022 ± 0.001 78  
    - - + 0.029 ± 0.001 72  
 
72 
4. Single Molecule FRET 
Sc.D135-L1 and Sc.D135-L4 retain cleavage activity to a very large extent and the 
modifications in the sequence of d2b of D1 and in D4 do not greatly affect the overall 
function of the ribozymes. The loop d2b seems to be slightly more important than the stem-
loop D4 structure, yet the d2b loop is still of relatively minor significance for the overall 
architecture of a functional ribozyme. 
 
Fluorescent label on the substrate interferes with ribozyme cleavage 
The ribozymes need to be labeled with a pair of fluorophores for any FRET experiments. 
The donor molecule Cy3 is covalently attached to a short oligonucleotide called Cy3-DNA, 
whose nucleotide sequence is complementary to the introduced loop sequence described 
above. Upon addition of Cy3-DNA to Sc.D135-L1 or Sc.D135-L4 and base pairing, the Cy3 
label will non-covalently, but site-specifically be introduced in the ribozymes (Figure 41). In 
a first experiment, the acceptor molecule Cy5 was placed at the 5'-end of the substrates 17/7 
and 17/7-dC.  
Again, the introduction of the labels potentially interferes with cleavage activity. The 
performance of the Cy3-labeled ribozymes was tested and the cleavage of the Cy5-labeled 
substrates was recorded in cleavage assays analogous to the ones described above. The 
attachment of the Cy3-DNA to Sc.D135-L1 as well as Sc.D135-L4 do not impair cleavage of 
Figure 41. FRET labeling scheme shown on the secondary structure depiction of a Sc.D135-L1 with 17/7 and
b Sc.D135-L4 with 17/7-dC. The Cy3-label (green) is attached to the ribozyme via base pairing of Cy3-DNA
with the modified loop in D1 (a) or D4 (b). The Cy5-label (red) is placed on the substrate (17/7 in a or 17/7-
dC in b). The splice site on the substrate appears as a circle and the deoxy-C substitution on 17/7-dC is
indicated as an edge in the substrate. 
73 
4.2 Results 
the slow-cleavable substrate 17/7-dC (Table 6). In contrary, the cleavage rates increase by a 
factor of 1.5-2.5 and the product formations increase to 90-95%, indicating some beneficial 
stabilization by the double helix formation from the unstructured single stranded loop on the 
RNA by binding of the DNA-oligo. Unfortunately, cleavage of a Cy5-labeled substrate 17/7-
Cy5 is severely blocked as shown both by the 2 fold reduced rates and, most strikingly, the 
amount of only 24 and 43% product formation! The 5'-positioning of the Cy5 label on the 
substrate apparently greatly interferes with substrate cleavage. Consistently, this is also 
noticeable when using the Cy5-labeled slow-cleavable substrate 17/7-dC-Cy5, where 
cleavage rates and product formation are, although maybe not as impressively, reduced (Table 
6). The effect is hidden in the already reduced cleavage reaction due to deoxy-modification, 
whereas it becomes obvious when using the "wild-type" 17/7 sequence.  
Both the stem-loops in d2b of D1 and D4 prove to be functionally unimportant sites 
and offer valuable positions to integrate unrelated nucleotide sequences. Fluorophore labeling 
of these loops via base pairing of fluorescently labeled DNA-oligos does not interfere with the 
catalytic reaction either. Yet, the substrate recognition is dominantly reduced when attaching 
a fluorophore label to the 5'-end of the substrate. Therefore, the placement of fluorophores on 
the substrate is not optimal. Additionally, FRET will only occur when the distance between 
acceptor to donor fluorophore is <100 Å, i.e. while the substrate is bound to the ribozyme. 
FRET will appear upon binding of the substrate and disappear upon substrate dissociation 
after cleavage. Such a set-up can potentially be used to measure binding, cleavage and/or 
dissociations rates as well as possible conformational changes upon cleavage, but not 
ribozyme folding - which is the aim of the project. These initial results were therefore used to 
develop an advanced FRET set-up that is better suited to study conformational changes upon 
folding of the ribozyme from the unfolded to the native state. 
Table 6. Influence of fluorophores on cleavage reactions. All substrates are 3'-32P-labeled. 
 substrate  ribozyme  Cy3-DNA kobs (min–1) % cleavage  
  Sc.D135 Sc.D135-L1 Sc.D135-L4     
  17/7-dC - + - + 0.055 ± 0.003 95  
  - - + + 0.044 ± 0.005 91 
          
 17/7-dC-Cy5 + - - - 0.033 ± 0.001 80 
  - + - - 0.025 ± 0.001 83 
  - - + - 0.035 ± 0.001 82 
          
 17/7-Cy5 - + - - 0.18 ± 0.02 24 
    - - + - 0.25 ± 0.03 43  
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4.2.3 The construct Sc.D135-L14 
Sc.D135-L14 sequence and labeling scheme 
To be able to study folding of the Sc.D135 ribozyme it is necessary to place both the 
donor and acceptor fluorophore on the ribozyme itself. Two functional unimportant hairpin 
loops (d2b in D1 and loop in D4) that can be replaced by a modular hairpin loop were 
identified in experiments with Sc.D135-L1 and Sc.D135-L4 (Section 4.2.2). Therefore, the 
plasmid sequence of Sc.D135-L1 that already contains a modular hairpin loop in d2b of D1 
was further modified to harbor a second unrelated hairpin loop in D4. This second modular 
Figure 42. Secondary structure depiction of the Sc.D135-L14* ribozyme derived from the Sc.ai5γ group II intron
in the cox1 gene of S. cerevisiae (Sc). Two modular loops are inserted in d2b of D1 and D4 and bind the DNA
oligonucleotides with the fluorophores Cy3 (green) or Cy5 (red) at their 5'-ends. The numbering corresponds to the
wild-type Sc.ai5γ sequence and the tertiary interactions are indicated in greek letters. The intron is elongated at its
3'-end and binds a 5'-biotinylated complementary DNA oligonucleotide (T-Biotin) for immobilization during
smFRET experiments. The biotin label is indicated in gray. 
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loop is of the same sequence length as the first, but different in nucleotide sequence at 8 
positions, where nucleobases were exchanged by their respective Watson-Crick partners.[248] 
A short oligonucleotide carrying the acceptor label and complementary to 18 nucleotides of 
this second modular loop was designed and called Cy5-DNA. The sequence differences in the 
first and second modular loop is necessary for sufficient and successful differentiation 
between Cy3-DNA and Cy5-DNA and sequence-specific binding of the oligos to their 
respective sites. The resulting construct is termed Sc.D135-L14 and the fully FRET-labeled 
ribozyme complex Sc.D135-L14* (Sc.D135-L14 with Cy3-DNA and Cy5-DNA), together 
with a further biotin-labeled oligo tether (T-Biotin) that is complementary to the 3'-overhang 
and necessary for immobilization in smFRET experiments (vide infra), is depicted in Figure 
42. 
 
Cy3-DNA and Cy5-DNA specifically and efficiently bind Sc.D135-L14 
Native gels assays were performed to test for the sequence-specific binding of the 
fluorophore-labeled DNA oligos Cy3-DNA and Cy5-DNA to the internal positions on 
Sc.D135-L14. Sc.D135-L14 was prefolded in 100 mM MgCl2 together with Cy3-DNA and/or 
Cy5-DNA and the complex formation was detected by shifts of fluorescence bands on a 
native FRET gel (Figure 43). No binding of Cy3-DNA or Cy5-DNA to Sc.D135 is detected in 
Figure 43. Binding of Cy3-DNA and Cy5-DNA to Sc.D135-L14 
detected on non-denaturing gel. a Fluorescence detection of 
bands containing Cy3 (green) and Cy5 (red). RNA-DNA hybrids 
are indicated as black bars on the right (upper: unfolded species, 
lower: compact species) and are shifted relative to the free DNA
oligos (Cy3-DNA, ●; Cy5-DNA, ●). Bands showing Cy3 as well 
as Cy5 emission overlay and appear yellow. b EtBr-staining of 
RNA bands on gel detected by UV-shadowing at 260 nm. c
Fluorescence detection of RNA-DNA hybrids in samples lacking 
KCl (lane 1, 2) and MgCl2 (lane 1). Amount of Cy3-DNA is kept 
at 10 nmol and Cy5-DNA is constant at 10 nmol except for line 7 
and 8 in a and b, where it is doubled to 20 nmol. Sc.D135-L14 is 
present at 15 nmol in all lanes. KCl is present at 0.5 M and the
MgCl2 concentration is constantly kept at 6 mM unless absent in 
c (lane 1). All samples are prefolded in metal ions before native
gel (6% w/v) electrophoresis at 4 °C (3 mM MgOAc and 66 mM
HEPES, 34 mM Tris, pH 7.4 (RT)). 
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control samples (Figure 43a, lanes 2, 5 and 7) as fluorescence bands run at the same height as 
the free DNA-oligos (lanes 1, 4). On the other hand, the expected binding of Cy3-DNA and 
Cy5-DNA to Sc.D135-L14 is detected by shifts of fluorescence bands (lanes 3, 6 and 8), 
indicating the presence of several DNA-RNA complexes (Sc.D135-L14*) running at different 
heights in the gel and proving specific and very - although not quite 100% since there is still 
some unbound DNA-oligo present - efficient binding of DNA-oligos to Sc.D135-L14. The 
presence of doubly bound RNA-DNA hybrids is confirmed by the yellow bands in lane 8 
originating from overlaid signals from Cy3 (green) and Cy5 (red).  
RNA-DNA hybrid bands are also located using EtBr-staining of the native gel and UV-
detection at 260 nm (Figure 43b). The free DNA-oligos are not detected by UV-shadowing 
because of reduced EtBr intercalation in the short single-stranded sequence length compared 
to the ds RNA-DNA hybrids and diffusion effect during EtBr-soaking and destaining. The 
longer sequence length of Sc.D135-L14 and binding of DNA-oligos to Sc.D135-L14 is 
confirmed by the general shift of bands compared to Sc.D135 (Figure 43b, lanes 2 vs. 3, 5 vs. 
6 and 7 vs. 8), indicating RNA-DNA hybrids of bigger size. Sc.D135-L14 shows bands that 
are slightly more diffuse and one RNA-only band (second from top) completely disappears 
compared to Sc.D135. This is due to sequence modification from Sc.D135 to Sc.D135-L14 
(data not shown), but fluorescence detection confirms DNA-oligo bound Sc.D135-L14 and 
derivations depicted in Figure 43b, lanes 2 vs.3 and 5 vs.6, are due to the combination of 
sequence modification and DNA-oligo binding. The double oligo bound RNA in Figure 43b, 
lane 8 is shifted another size gap compared to either singly Cy3-DNA or Cy5-DNA-bound 
RNA in lanes 3 and 6, respectively, also clearly confirming DNA-oligo binding via UV-
shadowing.  
A minor amount of RNA or RNA/DNA hybrids consistently sticks to the wells and does 
not move into the gel (Figure 43, top bands). This band might indicate the presence of 
potential aggregates generated during sample preparation or limited mobility of the large 
RNA/DNA hybrids even in low percentage native gels. Most probably, this static band is 
linked to the high amount of metal ions in the samples or not perfectly optimized buffer 
conditions. 
Mg2+ concentration dependent changes in Cy3- and Cy5-DNA bound Sc.D135-L14 
conformations could not be resolved and are found to be difficult to detect in the present 
native gel assay (data not shown). Nevertheless, distinct band shifts are detected upon 
addition of metal ion (Figure 43c, lanes 1 vs. 2 and 3), indicating large conformational 
differences between random coil and higher order structures formed by the ribozyme. As 
77 
4.2 Results 
previously suggested, it is indeed the presence of metal ions that causes the DNA-oligo bound 
Sc.D135-L14 molecules showing no mobility in the native gel assay and appearing as the 
static bands mentioned above. 
 
The fluorophore-labeled Sc.D135-L14* is catalytically competent  
Analogous to STO cleavage experiments with earlier constructs, the impact of the 
sequence modifications and binding to fluorophore and biotin-labeled DNA-oligos was 
measured in activity assays using radioactively labeled substrates. Depending on the position 
of the radioactive 32P label on the substrate, some differences in cleavage efficiency were 
detected (Figure 44, Table 7).  
When using 3'-32P-labeled 17/7, the cleavage rate kobs drops 17% upon sequence 
modification of Sc.D135 (kobs = 0.41 ± 0.02 min–1 and kobs = 0.37 ± 0.02 min–1 for Sc.D135 
and Sc.D135-L14, respectively). The cleavage rate decreases a further 56% (63% compared to 
Sc.D135) when all DNA-oligos (Cy3-DNA, Cy5-DNA, T-Biotin) are bound in Sc.D135-
L14*. Simultaneously, the fraction of product formed decreases from 70% to 66% to 55%. 
This indicates some inhibition by the sequence modification or the DNA-oligonucleotide, but 
could possibly also be caused by the additional 32P-labeled C that is attached to the 3'-end of 
17/7. Yet C is the next nucleotide following in the wild type Sc.ai5γ sequence and the slight 
change on the phosphate should not have such a measurable effect. However, considering the 
distance of 7 nts from the 3'-end-label to the splice site, it would maybe be more 
advantageous to place the label on the 5'-end.  
Figure 44. Cleavage of 17/7 by Sc.D135-L14. a Cleavage of 3'-32P-labeled 17/7 by Sc.D135 (■, solid line),
Sc.D135-L14 (●, dotted line) and fully labeled Sc.D135-L14* (▲, dashed line) b Cleavage of 5'-32P-labeled 17/7
by Sc.D135 (■, solid line), Sc.D135-L14 (●, dotted line) and fully complexed Sc.D135-L14* (▲, dashed line)
Lines depict single exponential fits and reactions were performed in 80 mM MOPS, pH 7.0, 500 mM KCl, 100
mM MgCl2 and at 42°C. 
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Indeed, in cleavage experiments with 5'-32P-labeled 17/7, the cleavage rates are kobs = 
0.40 ± 0.02 min–1, kobs = 0.37 ± 0.02 min–1 and kobs = 0.27 ± 0.01 min–1 for Sc.D135, Sc.D135-
L14 and for Sc.D135-L14*, respectively and only decrease 7.5% and 27% (32.5% compared 
to Sc.D135) upon sequence modification and binding of fluorophore and biotin labeled DNA-
oligos, respectively (Table 7). Nearly no change in product formation is detected when using 
5'-32P labeled 17/7 as product formation is consistently measured to be 83-84%.  
Cleavage reactions with the slow cleavable substrate were only carried out with 3'-32P-
labeled 17/7-dC and result in kobs = 0.05 ± 0.01 min–1 and 87% product formation by 
Sc.D135-L14* (Table 7) after ~80 min reaction time (see Figure 40b, Table 6 and 7 for 
comparison with other Sc.D135 constructs). 
Table 7. Cleavage rates and product formation by Sc.D135, Sc.D135-L14 and Sc.D135-L14*. 
 substrate Sc.D135 Sc.D135-L14 Sc.D135-L14* kobs (min–1) %cleavage  
 3'-32P-17/7 + - - 0.41 ± 0.02 70  
  - + - 0.34 ± 0.02 66  
  - - + 0.15 ± 0.01 55  
          
 5'-32P-17/7 + - - 0.4 ± 0.02 84  
  - + - 0.37 ± 0.02 84  
  - - + 0.27 ± 0.01 83  
          
  3'-32P-17/7-dC - - + 0.05 ± 0.01 87   
 
The Sc.D135-L14* ribozyme requires Mg2+ for cleavage  
Group II introns are known to require high ionic strength for optimal activity in vitro. 
This is thought to be due to a high Mg2+ requirement for compaction of D1[44, 94] and 
additionally, stabilization of the native state.[132] The Mg2+ dependency of kobs for Sc.D135-
L14* was measured in the range from 0 to 100 mM Mg2+ in STO cleavage experiments, both 
for 3' and 5'-32P labeled 17/7 (Figure 45, Table 8). Sc.D135-L14* that was prefolded in Mg2+ 
shows dissociation constants KMg = 39.6 ± 2.6 mM and KMg = 52.7.6 ± 3.4 mM for Mg2+ 
dependent cleavage of 3'- or 5'-32P labeled 17/7, respectively. Again, 5'-32P labeled 17/7 
substrate was cleaved faster and to a higher extent than 3'-32P labeled 17/7, although kobs,max 
for 5'-32P labeled 17/7 was reduced in the set of titration experiments as compared to the 
experiments mentioned above (Figure 45, Table 8). The buffer used in this set of experiments 
was found to contain a slightly reduced pH (0.3 pH units), which most probably is also the 




If Sc.D135-L14* is not prefolded in Mg2+, then the molecules need to fold first before 
cleavage can occur during the time course of cleavage acquisition. Cleavage rates would 
potentially be reduced since the rate-limiting step is folding of the molecules. If Mg2+ is added 
concomitantly with 17/7 at the starting point of the reaction, the fit parameters slightly change 
to kobs,max = 0.12 ± 0.01 min–1 and KMg = 42.5 ± 5.4 mM for 3'-32P labeled 17/7 (Figure 45a, 
Table 8). These values are largely within the error limits as found for prefolded Sc.D135-
L14* and do not indicate a need of any extra metal ions for catalysis that are not already used 
for folding. Yet, the detection of a potentially small amount of a few metal ions specifically 
needed for catalysis compared to folding is a difficult task for a very large RNA system and 
especially, in a metal ion background as high as 100 mM. It is not surprising that detection of 
metal ions for cleavage only is not easily possible by the relatively simple cleavage assay 
described here and metal ions specifically needed for catalysis can not be ruled out. 
Figure 45. Mg2+ dependency of kobs for 17/7 cleavage by Sc.D135-L14*. a Mg2+ dependence of 3'-32P-labeled
17/7 cleavage by Sc.D135-L14* preincubated in Mg2+ (■, solid line) or if Mg2+ is added concomitantly with
substrate (●, dashed line) b Mg2+ dependence of 5'-32P-labeled 17/7 cleavage preincubated in Mg2+ (■, solid line).
Lines depict Hill fits and reactions were performed in 80 mM MOPS, pH 7.0, 500 mM KCl and at 42°C. 
 
Table 8. Mg2+ dependencies of Sc.D135-L14* cleavage. 
 substrate prefolding kobs,max (min–1) %cl, max KMg (mM)  
  3'-32P-17/7 + 0.15 ± 0.01 55 39.6 ± 2.6   
  - 0.12 ± 0.01 54 42.5  5.4  
          
  5'-32P-17/7 + 0.18 ± 0.01 85 52.7 ± 3.4   
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Fluorophores attached to DNA-oligos and bound to Sc.D135-L14* show typical 
fluorescence anisotropy values 
FRET is dependent on three individual parameters: the spectral overlap of donor emission 
and acceptor excitation spectra, the distance between donor and acceptor, as well as the 
relative orientation of the donor and the acceptor dipole moments. The κ2 value is an 
orientation factor describing the spatial relationship between the fluorophore dipoles in three-
dimensional space. The fluorophores are usually assumed to be freely rotating and not 
experiencing any conformational constraint that would fix their dipoles in a certain 
orientation. Then, an average value of κ2 = 2/3 can be applied to calculate FRET distances as 
described in Section 1.8.3. Variations in κ2 within 1-4 result in an uncertainty in the 
calculated distance of no more than 35 %. Severe deviations only result if the dipoles are 
oriented perpendicular to each other, i.e. κ2 = 0.[134] 
Measurements of fluorescence anisotropies of the donor and acceptor indicate the 
rotational freedom of the fluorophores and can thereby set limits on κ2 and minimize 
uncertainties in the calculated distance. The fluorophore is excited with vertically polarized 
light and both the vertical (vv) and the horizontal (vh) emission polarizations are captured and 
used to calculate anisotropy values r (eq.12, Section 5.5.5). If the fluorophores are rotating 
freely, vv and vh will become equal and the r value will be close to 0 (depolarized). If the 
fluorophores experience a rotational constraint, this will be reflected in an r value close to the 
maximal theoretical value of 0.4 (polarized).  
The r values for both Cy3-DNA and Cy5-
DNA are 0.27 ± 0.01 (Table 9). Upon binding 
to Sc.D135-L14, polarization of Cy5-DNA 
does not change while Cy3-DNA experiences 
some more polarization (r = 0.33 ± 0.02). 
The rotational freedom of a dye is determined by the rotation of the fluorophore itself, as 
well as the overall rotation of the molecule, to which the fluorophore is attached. The dyes 
become constrained when covalently bound to the short DNA-oligos due to the increased size 
of the molecule compared to free fluorophores and thus, the decreased rate of rotational 
diffusion during the lifetime of the excited state. Additional hydrogen bonding of the DNA-
oligos to Sc.D135-L14 introduces no further polarization for Cy5, whereas the dipole of Cy3 
becomes slightly more fixed, indicating 20% less rotational freedom of the Cy3 dye within 
the compact network of D1 compared to the position of Cy5 on D4 that is located on the 
surface of the molecule. The Sc.D135-L14 system described here shows typical anisotropy 
Table 9. Anisotropy values (r) for DNA-oligos in 
the absence or presence of Sc.D135-L14 
 Sc.D135-L14 r 
Cy3-DNA - 0.27 ± 0.01 
 + 0.33 ± 0.02 
     
Cy5-DNA - 0.27 ± 0.01 
  + 0.27 ± 0.01 
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values for fluorophores coupled to nucleic acids.[244] It is important to note that the 
fluorophores attached to the DNA oligonucleotides do experience no or only moderate 
additional constraints by binding to the enormous Sc.D135-L14 RNA network. Therefore, the 
Sc.D135-L14* complex behaves comparable to smaller RNA systems and no delay in rotation 
caused by the huge size of the complex can be detected. At the same time, changes in 
anisotropy directly confirm binding of Cy3-DNA to Sc.D135-L14. In any case, a feasible 
application of Sc.D135-L14* in FRET and FRET distance calculations is confirmed. 
 
The construct Sc.D135-L14* shows a Mg2+ dependency for folding 
The folding behavior of freely diffusing Sc.D135-L14* in solution was characterized at 
42 °C to determine the role of Mg2+ independently of catalysis. The fluorescence emission 
spectrum of Sc.D135-L14* in the absence of Mg2+ shows two bands that correspond to the 
donor and the acceptor fluorophores, respectively (Figure 46a). The donor intensity at 565 nm 
is higher than the acceptor at 665 nm. Upon addition of 100 mM Mg2+ the donor intensity 
decreases slightly while the acceptor intensity increases. As a result, the observed FRET ratio 
increases exponentially from 0.275 to 0.291 with a rate constant of kobs = 0.9 ± 0.1 min–1 
(Figure 46b). This rate is in very good agreement with the rate limiting step of D1 compaction 
obtained from hydroxyl radical footprinting, NAIM assays and ribozyme activity assays.[84, 
125, 132] 
Figure 46. Bulk fluorescence measurements of Sc.D135-L14*. a Emission spectra (λex = 555 nm) of Sc.D135-
L14* in the absence (0 mM, solid line) and the presence of MgCl2 (100 mM, dashed line) show correlating shifts
in maxima at 565 nm (Cy3) and 665 (Cy5) caused by FRET. b FRET change upon addition of 100 mM Mg2+. The
arrow indicates the time point of addition of Mg2+. The single exponential fit of the experimental data is shown as
a black line. Data is recorded in 80 mM MOPS, pH 7.0, 500 mM KCl, MgCl2 as indicated and at 42 °C. 
The FRET increase to 0.291 in this bulk experiment suggests that a conformational 
change takes place in the presence of Mg2+ ions during which the relative distance between 
the fluorophores on the RNA decreases. To determine the Mg2+ dissociation constant of this 
distance change, the observed FRET ratio is plotted as a function of Mg2+ concentration 
82 
4. Single Molecule FRET 
(Figure 47a) and fit with the Hill equation (eq. 11, Section 5.5) yielding KMg = 42.3 ± 1.3 
mM. This value is again in very good agreement with the KMg from the cleavage reaction 
described above (Table 8) as well as previously reported values for Sc.D135.[125, 156]  
The folding rates kobs, calculated by assuming single exponential kinetics of FRET 
increase upon Mg2+ addition (as depicted in Figure 46b), show a decreasing tendency with 
increasing Mg2+ concentration (Figure 47b). The rates at Mg2+ concentrations <20-30 mM 
most probably do not describe folding but are rather of convectional or concentration and 
temperature related nature as the absolute FRET changes at these low Mg2+ concentrations are 
minimal (Figure 47a) and errors for these rates are big (Figure 47b). Therefore, this rate 
analysis fails to identify folding rates below 20-30 mM but reliably serves to state a roughly 
constant rate of folding kobs = 0.9 ± 0.1 min–1 at 50 mM MgCl2 and above. 
 
Figure 47. Mg2+ dependencies of FRET change and folding rates kobs. a Maximal change in FRET upon increasing
amounts of Mg2+. The line depicts fit with the Hill equation giving KMg = 42.3 ± 1.3 mM. b Changes in FRET
upon Mg2+ addition show decreasing rates. The fit with the Hill equation is depicted as a solid black line and
results in KMg = 21.4 ± 0.6 mM. Samples are measured in 80 mM MOPS, pH 7.0, 500 mM KCl, MgCl2 as
indicated and at 42 °C.
Fluorophores in folded Sc.D135-L14* keep an average minimal distance of 45-50 Å 
Steady-state FRET experiments allow the detection of qualitative structural changes and 
characterization of the overall RNA folding kinetics. Quantitative information about the 
absolute distances between the fluorophores on the other hand is derived from a different 
assay using the time-resolved FRET (trFRET) technique based on the measurement of donor 
fluorescence lifetimes.[148] First, the time-resolved donor fluorescence decay is measured in 
a sample containing donor-only labeled ribozyme. Second, the fluorescence decay of the 
donor is measured in a donor-acceptor labeled sample under identical conditions. Due to 
FRET from donor to acceptor, which is dependent on the donor-acceptor distance, the donor 
fluorescence lifetime in the doubly labeled sample is shorter and the decay will be faster 
(Figure 48a). Motions of large size molecules are slow compared to the time scale of a typical 
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donor fluorophore lifetime in the excited state (nanoseconds). Therefore, the donor-acceptor 
distance appears fixed and will be characterized by a unique donor fluorescence lifetime. If 
there are multiple distinct conformational isomers in equilibrium, then every conformer will 
contribute its specific donor lifetime distribution to the overall fluorescence decay. These 
individual contributions can be mathematically deduced assuming gaussian distributions and 
result in mean distance values and relative abundance of the isomers - as long as the 
individual donor lifetimes (and hence donor-acceptor distances) do not overlap to an 
inseparable extent. 
The distance distribution of Sc.D135-L14* deduced from trFRET experiments appears as 
a single and very broad band. The distance distribution band can be fitted assuming a single or 
double gaussian distribution to approximately equally satisfactory extent. The simplest 
interpretation is the assumption of the presence of one conformational isomer that shows a 
broad bandwidth in distance. The mean distance of this single conformer changes from 136 Å 
to 94 ± 4 Å upon addition of 1 mM Mg2+, indicating a large collapse upon divalent metal ion 
addition (Figure 48b). Yet, these calculated values are out of the range that FRET is most 
sensitive (~20-80 Å, Figure 16c) and can not be directly adopted. They basically only indicate 
an extended conformation of Sc.D135-L14* at low Mg2+ concentrations. Further Mg2+ 
addition up to 100 mM decreases the mean distance to a minimal value of 45 ± 12 Å and the 
distance change is described by a Mg2+ dependency resulting in KMg = 37 ± 12 mM. 
These distance values nicely follow the hydrodynamic radius data on Sc.D135[130] as 
well as match the Mg2+ dependencies in cleavage reactions (Table 8) and described in the 
literature.[125, 156] The large errors on all these values clearly indicate a considerable 
uncertainty of the trFRET parameters. As already mentioned, it is equally possible to state a 
Figure 48. Time-resolved FRET and averaged distance data on Sc.D135-L14*. a Donor lifetime decay data in the
absence (solid line) and the presence (dashed line) of acceptor. b Mean distance reduction upon Mg2+ addition
assuming the presence of one single conformer. The error bars stem from two independent measurements. The
solid line depicts a Hill fit and results in KMg = 37 ± 12 mM. Experiments were recorded in a buffer of 80 mM
MOPS, pH 7.0, 500 mM KCl at 25 °C. 
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mixture of two isomers of similar and hence, overlapping mean distances and the 
interpretation is not straightforward. As trFRET experiments measure averaged signals from a 
lot of molecules and potential minor populations of extended or more compact conformations 
can not be ruled out, the measured value of 45 Å at 100 mM is an average and it is possible 
that the actual distance of the fluorophores on the main conformation of Sc.D135-L14* is 
actually shorter than 45 Å.  
Taken together, all the above results demonstrate that the Sc.D135-L14* behaves like the 
Sc.D135 ribozyme regarding catalysis, folding, and Mg2+ requirements.[125, 156] We thus 
proceeded to study the conformations, their dynamics and the folding pathway of the 
Sc.D135-L14* ribozyme by single molecule fluorescence. 
 
4.2.4 Immobilization and smFRET experimental procedure 
To observe localized fluorescence signals of single molecules over an extended period in 
real-time, the molecules need to be immobilized on a surface. The biotin-streptavidin 
interaction has a KD in the order of 4*10-14 M and is the strongest non-covalent biological 
interaction known.[259] The extraordinarily strong affinity of this interaction is used to 
immobilize ribozymes on the glass surface and has successful been exploited in TIR 
fluorescence microscopy before. The ribozyme sequence is elongated by a 37 nt extension at 
the 3'-end, to which a complementary DNA-oligo tether carrying a biotin moiety at its 5'-end 
was designed (Figure 42). This 24 nt long sequences called T-Biotin is attached to the 
ribozymes by the same DNA-oligo hybridization technique that has already been used for 
binding of fluorophores to site-specific positions on the RNA. The glass slide is coated with a 
layer of streptavidin prior to smFRET experiment and the Sc.D135-L14* molecules will 
therefore be attached and immobilized when applied to the glass slide.  
Sc.D135-L14* ribozymes were incubated in the presence of specific amounts of Mg2+ in 
the range of 1-100 mM at 42°C to induce folding prior to immobilization and smFRET 
experiments. The sample was then applied to the streptavidin coated slide at room 
temperature (RT) and the molecules became immobilized on the quartz surface via the biotin-
streptavidin interaction. All RNA system studied today exhibit only negligible perturbation 
from surface immobilization.[260] The optimal surface density of the molecules on the slide 
for optical resolution was determined by adjustments of concentrations in ribozyme samples 
to 50-100 pM. The immobilized molecules on the slide were washed into a solution 
containing an oxygen scavenger system to reduce photobleaching effects and fluorescence 
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signal acquisition was performed upon laser excitation of selected spots on the slide up to 5 
min at RT.  
 
4.2.5 Time trajectories of single Sc.D135-L14* molecules reveal three 
distinct conformations in equilibrium 
Characteristic time trajectories of such surface immobilized Sc.D135-L14* ribozymes in 
10 mM and 100 mM Mg2+ and room temperature are shown in Figure 49. The time traces 
depict repeated stochastic transitions between a maximum amount of three reoccurring FRET 
ratios at ~0.25, ~0.4 and 0.6. Hence, the traces imply that the Sc.D135-L14* ribozyme adopts 
at least three distinguishable structural conformations in dynamic equilibrium. 
The two lower FRET states are preferentially observed - especially at low Mg2+ 
concentration (Figure 49a). The highest FRET state becomes apparent only at Mg2+ 
concentrations above 15-20 mM (Figure 49b). This state with a FRET ratio of 0.6 is never 
populated for a long time and the few molecules that reach it return promptly to the 
intermediate state. Among all the observed transitions to the highest FRET state, more than 
99% occur from the intermediate state (FRET ratio ~0.4). The fraction (<1%) showing 
transitions directly from the low FRET state is consistent with the contribution from very 
short resting times in the 0.4 state, which are missed because of the 33 ms time resolution of 
the CCD camera. This observation is thus direct evidence that the 0.4 FRET state is a possible 
obligatory intermediate along the folding pathway devoid of any kinetic traps. 
Figure 49. Single Sc.D135-L14* molecule time trajectories. Emission signals (top) from donor (blue) and acceptor
(red) and calculated FRET efficiency (bottom) with distribution histograms (right) is shown for one  molecule each at
a 10 mM MgCl2, b 100 mM MgCl2. Traces are recorded in 80 mM MOPS, pH 7.0, 500 mM KCl at RT. 
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4.2.6 Magnesium ions affect single molecule folding of Sc.D135-L14* 
Mg2+ ions affect the relative stability of each conformation, as evidenced by the FRET 
time trajectories and the dwell time spent in each state. At 10 mM Mg2+ and below, molecules 
stay predominantly in the low FRET state (Figure 49a), while at 100 mM Mg2+ the 
intermediate state becomes dominant (Figure 49b). In order to quantify the effect of Mg2+ on 
the stability of each state, FRET distributions from typically 150 single molecule trajectories 
at Mg2+ concentrations ranging from 1-100 mM were calculated (Figure 50). At 1 mM Mg2+ 
the Sc.D135-L14* ribozyme resides exclusively in the low FRET state and no structural 
dynamics are observed. This state is easily distinguished from complexes lacking the acceptor 
fluorophore (caused by photobleaching or blinking), because the observed FRET ratio for the 
latter molecules is considerably lowered to ~0.12 (Figure 50, top). There is a significant 
amount of molecules that remain static in the 0.25 state even at elevated Mg2+ concentrations 
(see below). Yet for analysis to calculate FRET distributions at [Mg2+] > 1 mM, only time 
traces showing dynamics were considered. The distributions for the intermediate and high 
FRET states become apparent only above 10 and 20 mM Mg2+, respectively (Figure 50). The 
FRET state at 0.6 is never populated for long times, which is reflected as a low amplitude 
distribution in the histograms. The amplitude of the intermediate FRET state distribution 
increases from 0.04 to 0.08 with increasing Mg2+ concentration, while the amplitude of the 
low FRET decreases from 0.23 to 0.06. This result indicates that the relative stability of the 
intermediate state increases concomitantly to the decrease of the low FRET state. This anti-
parallel behavior, however, is not very dramatic because both states are present between 10 
and 100 mM Mg2+. The 0.6 FRET state distribution amplitude remains constant above ~50 
mM Mg2+ (see also below).  
Closer inspection of the histograms in Figure 50 reveals that the peak distributions of the 
low and intermediate FRET states shift to lower FRET values with increasing Mg2+. The low 
FRET state distribution shifts only slightly from about 0.27 (1 mM Mg2+) to 0.26 (10 mM 
Mg2+), whereas the intermediate state distribution shifts from 0.45 (10 Mg2+) to 0.40 (≥40 
mM Mg2+). At low Mg2+ concentrations (1 mM), both the states at 0.25 and 0.4 are possibly 
in fast dynamic equilibrium (lifetime < 30 ms) and as a result we observe only a weighted 
average FRET ratio a little higher than 0.25. The same could hold true for the states at 0.4 and 
0.6 up to 10-15 mM MgCl2, giving rise to the peak at 0.45 that shifts to 0.4 at 20 mM 
Alternatively, the these two FRET states at 0.25 and 0.4 each become structurally more 
compact above 1 mM and 20 mM Mg2+, respectively, indicating decreasing distances between 
the two fluorophores. Neither of the two hypotheses can be ruled out at the moment, but this 
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result supports an idea that the group II intron conformations are connected by relatively 
small activation barriers.  
 
Figure 50. Histograms of FRET efficiency values from single molecule traces in dependence of Mg2+
concentration. All traces (constant and dynamic) were used to build the histogram at 1 mM, whereas all other
histograms were created from traces showing dynamics only. Three distributions occur at FRET~0.25, ~0.4 and
~0.6. The peaks of the 0.25 and 0.4 states show a slight shift to lower FRET with higher Mg2+ concentration. The 
0.6 distribution arises above 15-20 mM and is only minimally but steadily populated. Gaussian fits for the
individual as well as the sum of all distributions are shown as solid lines. The dashed bars at 0.12 FRET corresponds
to the distribution in the absence of acceptor (100 mM MgCl2 background, top). Vertical lines follow the 
distribution maxima of the individual states at ~0.25 and ~0.6 and indicate a slight shift in the low FRET value from
1 mM compared to higher Mg2+ concentrations and a larger shift at the intermediate FRET state from 0.45 to 0.4. 
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4.2.7 The presence of Mg2+ increases structural dynamics 
It is generally assumed that the addition of Mg2+ to RNA initiates folding and leads to a 
compact and more rigid structure that stably accumulates during the folding process. The 
smFRET experiments presented here reveal an opposite and so far unprecedented behavior. 
Although Mg2+ clearly initiates folding of Sc.D135-L14* leading to the collapsed 0.25, 0.4 
and 0.6 states, the dynamics of the single molecules considerably increases with higher 
amounts of Mg2+ present. At very low Mg2+ the molecules remain in the 0.25 FRET state, but 
at higher concentrations an increasing number of transitions between the three states is 
observed. When plotting the fraction of dynamic molecules versus Mg2+ concentration, a 
midpoint KMg = 41.4 ± 1.4 mM is calculated (Figure 51a) corresponding again very well to 
the KMg for bulk-folding and cleavage (Figure 47a, Table 8). Even at high Mg2+ background, 
the fraction of dynamic molecules does not exceed 50%, being in apparent discrepancy to the 
cleavage experiments of the same Sc.D135-L14* construct (Figure 44). However, the 
cleavage assays are conducted at 42 
°C, whereas the smFRET 
experiments are done at 22 °C for 
technical reasons. This suggests that 
the higher temperature is needed to 
enable the remaining molecules to 
reach the active conformation. Taken 
together, these two results clearly 
link the dynamics of Sc.D135-L14 to 
its catalysis, and raise the interesting 
possibility that domain motion 
contributes to successful reactivity. 
 
Figure 51. Mg2+ dependence of single molecule dynamics.
Upon Mg2+ addition, the ratio of dynamic molecules increases
from 7 to 49% with KMg = 41.4 ±1.4 mM 
To further illustrate the Mg2+ requirement for these structural dynamics, the folding of 
single Sc.D135-L14* ribozymes was monitored while changing the buffer conditions from 10 
to 100 mM Mg2+ at RT (Figure 52). During the first 50 s, the ribozyme is kept in 10 mM 
Mg2+ and displays a FRET ratio around 0.25 that matches the FRET histogram obtained under 
steady state conditions (Figure 49a, bottom right). Between 50 and 58 seconds the buffer on 
the microscope slide was exchanged using a syringe pump to increase the Mg2+ concentration 
to 100 mM. After a dead time of ~10 seconds, the FRET ratio jumps to 0.4 indicating that a 
Mg2+-induced conformational change to the intermediate state takes place when the Mg2+ 
concentration is increased. The ribozyme also becomes dynamic as the FRET ratio 
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interchanges between the 0.25 and 0.4 FRET states. The FRET histogram corresponding to 
the high Mg2+ period also matches the FRET histogram obtained in steady state conditions 
(Figure 49b, bottom right). This experiment clearly shows that the individual FRET states are 
directly dependent on the Mg2+ concentration, and that the Sc.D135-L14* ribozyme readily 
reacts to an increased Mg2+ background by reaching a higher FRET state. 
 
Figure 52. Dynamics occur with high Mg2+ concentration. The smFRET trace depicts a dynamic behavior only
upon increase in MgCl2 concentration from 10 to 100 at 50-58 seconds. The distributions of the states before and
after addition of Mg2+ are shown to the right. 
4.2.8 Assignment of smFRET states to conformational states reveals a so 
far unprecedented intermediate  
The three distinguishable smFRET states at 0.25, 0.4 and 0.6 correspond to 
conformational states of Sc.D135-L14*. In a first attempt it seems obvious to assign the 
smFRET states to the three conformations U, I and N in the folding pathway stated in 
literature (Figure 36b).[84] Yet, this assignment could not be verified by the smFRET results 
and is reconsidered. There are strong hints toward the assumption that the 0.25 state already 
represents the I state:  
• First, minimal FRET for U and low FRET for I is expected based on the 
hydrodynamic radius data[130] and the distant position of the fluorophores on the 
primary sequence of Sc.D135-L14*. This assumption is confirmed by the mean 
distance determination of d = 136 Å by trFRET experiments at 0 mM MgCl2 (Figure 
48b), where exclusively U is present. Minimal FRET in smFRET experiments is found 
to show a ratio of 0.12 as measured in control experiments in the absence of acceptor 
(Figure 50, dense histogram on top). The low FRET state in experiments with fully 
labeled Sc.D135-L14* on the other hand shows a FRET ratio of 0.25 and can clearly 
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be distinguished from molecules lacking acceptor or adopting a very large distance 
(>100 Å, Figure 16c, Chapter 1.8.3) between the fluorophores, i.e. from U.  
• Second, only a few molecules are expected to be in the U state at [Mg2+] > 20 mM, 
since Sc.D135-L14* is incubated with Mg2+ for 15 min at 42 °C prior to 
immobilization and smFRET measurements and overall Mg dependencies of folding 
and cleavage are found to be in the order of KMg = 20-40 mM. The molecules fold to I 
(and beyond) under these conditions and the U state therefore theoretically completely 
disappears at high Mg2+ concentrations, whereas in the experiments the 0.25 state is 
the most abundant state up to 60-80 mM Mg2+ (Figure 50). 
• Third, the I → U transition is described to be very slow[84] and certainly is much 
slower than the duration of the smFRET time traces (> 200 s, Figure 49). Therefore, 
no such unfolding processes would be observable, whereas the smFRET traces show 
multiple jumps between the 0.25 and 0.4 states. 
The folding pathway of Sc.D135-L14* is therefore refined and extended by a further on-
pathway folding intermediate since there is evidence for three structural conformations at 
FRET rations 0.25, 0.4 and 0.6 in dynamic equilibrium starting from I (Figure 53). The 
folding pathway begins at the unfolded state (U) and proceeds through the extended 
intermediate (I) and the folded intermediate (F) to the native state (N) and reveals an 
intermediate state that has not been described yet. 
Figure 53. Refined folding pathway of Sc.D135-L14*. The pathway starts from the unfolded state U and in a first
step, the extended intermediate I is formed upon compaction of D1. The remaining domains then pack onto D1 to
give the folded intermediate F, which - only in small amounts - rearranges to the native state N in a last step. The
FRET ratios of the individual states are shown on top of the cartoon. The very slow transition from I → U is
depicted as a dashed arrow. Cy3 and Cy5 are depicted as green and red markers, respectively, and the biotin label
is shown as a yellow ellipse. The domains are colored in shades of blue-purple for D1, light gray for D2, shades
of green for D3, gray for D4 and orange for D5. DNA-oligos and major single stranded region on Sc.D135-L14*
are depicted as black lines.  
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These three states can not be resolved in bulk FRET experiments because these 
experiments only yield ensemble-averaged results. The contribution of a short-lived and 
unstable conformation is weak and hidden and simply disappears in experiments that measure 
overall signals of a lot of molecules at the same time. Furthermore, the single molecule results 
reveal that a large fraction of the molecules remain static in the low FRET state even at high 
Mg2+ concentrations and explain the observed overall low FRET ratio in bulk (Figure 47a).  
 
4.2.9 Dwell time analysis determines the rates of folding 
In order to quantify the relative stability of the three conformations observed in the single 
molecule experiments, the rates for folding of Sc.D135-L14* were determined. The waiting 
times (τ) in each state between two conformational transitions from about 150 single molecule 
time trajectories were measured. These lifetimes between the transitions from I to F and back 
were termed τ1 and τ–1, respectively (Figure 54a). Analogously, the lifetimes τ2 and τ–2 
describe the resting times in the F state before going to N and vice versa, respectively, 
dividing the dwell times in the F state into two categories τ–1 and τ–2 depending on the final 
state (I or N, respectively). 
The lifetime distribution of each state was calculated and a characteristic example is 
shown for τ1 at 50 mM Mg2+ in Figure 54b. The distribution decays exponentially as expected 
for a stochastic process. To obtain folding rates k1 and k–1 from the respective lifetimes τ1 and 
τ–1, the distributions were integrated into a cumulative time distribution (Figure 54c), which is 
then fit to an exponential growth curve as described.[140, 213, 261] The integrated 
distribution reveals folding heterogeneity in the form of two distinguishable exponentials. 
Folding heterogeneity has been observed in numerous single molecule studies on other 
ribozymes.[213, 234, 262, 263] The major component for k1 exhibits an exponential rate k1 = 
0.66 s–1 at 100 mM MgCl2. The folding rate k–1 = 0.51 s–1 was obtained similarly, also 
observing folding heterogeneity. The measured rates are in good agreement with the FRET 
histogram distributions in Figure 50 (bottom). At 100 mM Mg2+, the ratio k1/k–1 = 1.3 
corresponds well to the ratio of distribution amplitudes for the F and I states, A0.4/A0.2 = 
0.78/0.56 = 1.4.  
The number of transitions observed from the F to the N state is not statistically significant 
to determine k2 and k–2 unambiguously, because k2 is slower than k–1 and the highest FRET 
conformation is only rarely reached. To estimate the value of these folding rate constants, the 
average dwell time in the F state before jumping to the N state and in the N state before 
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coming back to F were calculated for ~18 molecules (τav = 15.3 ± 14.7 s and 0.6 ± 0.3 s, 
respectively) and result in k2 = 0.07 ± 1.0 s–1 and k–2 = 1.7 ± 0.7 s–1 as the inverse of these 
values. At 100 mM Mg2+, the ratio of the slow rate k2 and the fast k–2 (k2/k–2 = 0.04) is in 
reasonable agreement with the ratio of the relative amplitudes of the 0.6 and 0.4 FRET 
distributions (A0.6/A0.4 = 0.008/0.078 = 0.10, Figure 50) and confirms the low abundance of 
the N state in the FRET histogram. 
Figure 54. Dwell time analysis for calculation of folding rates. a Single molecule trajectory is divided into dwell
times that are terminated by transition to neighboring conformational states. The classification of dwell times is
indicated and shows the assignment of τ1- τ4 dependent on the starting and the final conformational state. b
Representative histogram of dwell times in the 0.25 FRET state (τ1) at 50 mM Mg2+ showing the number of events
in a particular dwell time range. The solid line corresponds to the double exponential decay fit characterizing the
rate k1. c The number of dwell times N(t) in the low FRET state shorter than time t obtained by integration of the
dwell time histogram shown in b. The double exponential growth fit is shown as solid line.  
As mentioned above, a significant fraction of the molecules remains static in the I state 
(Figure 51). Since these traces do not show any confined lifetimes, they were not included in 
the dwell time analysis. 
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4.2.10 The forward rates are independent of Mg2+ 
The folding rates k1 and k–1 were determined as described above in the Mg2+ 
concentration range of 5-100 mM (Figure 55). Below 5 mM Mg2+, the Sc.D135-L14* 
ribozymes become static in the I state and thus not enough dynamic events are observed to 
quantify the rates with confidence. Evidence for folding heterogeneity is detected for k1 and 
k-1 at all concentrations (Figure 56, Table 10). At 5 mM Mg2+, the major component of k–1 is 
1.5 fold larger than the major component of k1, which is consistent with I being more stable 
than F at low Mg2+ (Figure 50). k1 remains approximately constant, whereas k–1 first rises and 
then drops at Mg2+ concentrations higher 
than 40 mM, shifting the equilibrium 
from the I towards the F state (Table 10). 
This is again consistent with the change 
in relative stability between I and F as 
observed in the FRET histogram 
distributions (Figure 50). The rate 
constants k2 and k–2 are estimated from 
average dwell times of a few molecules 
showing that both rates remain 
approximately constant around 0.07 and 
1.3 s–1, respectively. 
Figure 55. Effect of Mg2+ concentration on the observed
single molecule folding rates k1 (●) and k–1 (○). 
Folding rates independent of Mg2+ concentration have been described for the C-domain 
of RNase P[234] and the Tetrahymena ribozyme.[262] For Sc.D135, Waldsich and Pyle have 
recently shown that the rate of D1 compaction is independent, whereas the amplitude of 
compaction is dependent of Mg2+ concentration.[225] Such a behavior is explained by a 
conformational capture mechanism, in which the correct conformation (of the κ-ζ region) is 
unstable and must be trapped by Mg2+ coordination. Based on the results presented in this 
work, this Mg2+-independence of Sc.D135 compaction progresses along the folding pathway 
of this ribozyme. The distribution analysis of the different states reveals further that the 
relative values of the rates are not only consistent with the FRET histogram distributions, but 
also that also the amplitudes are directly proportional to the Mg2+ concentration (Figure 50). 
The rise in amplitude of the collapsed Sc.D135 (F) with increasing Mg2+ concentration is 
consistent with results from hydroxyl radical footprinting, where D5 becomes fully protected 
only above 100 mM Mg2+.[125] Taken together, this indicates that to capture D3 and D5, as 
well as to stabilize the Sc.D135 complex, Mg2+ ions are the determining factor under in vitro 
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conditions. Mg2+ ions could thereby either serve to overcome electrostatic repulsion between 
the negatively charged domains or to stabilize specific tertiary contacts. 
 
Table 10. Rates k1 and k–1 and amplitudes A1 and A–1 from double exponential fit at tested Mg2+ concentration. 
Values are corrected as described in Supplementary Text to [254]. The error limits correspond to one standard 
deviation. Folding rates are given in s–1. (Zhuang Science 2002) 
[Mg2+] (mM) k1(1) A1(1) k1(2) A1(2) 
5 1.00 ± 0.04 125 ± 7 0.13 ± 0.01 94 ± 1 
10 0.84 ± 0.06 148 ± 13 0.13 ± 0.02 76 ± 2 
15 1.22 ± 0.04 170 ± 9 0.11 ± 0.01 106 ± 1 
20 0.80 ± 0.06 111 ± 11 0.11 ± 0.02 88 ± 2 
30 0.73 ± 0.07 64 ± 7 0.09 ± 0.02 48 ± 1 
40 0.65 ± 0.06 95 ± 11 0.14 ± 0.03 49 ± 3 
50 0.95 ± 0.15 115 ± 31 0.24 ± 0.01 285 ± 8 
60 0.65 ± 0.05 120 ± 11 0.11 ± 0.02 72 ± 2 
80 0.55 ± 0.05 108 ± 8 0.18 ± 0.00 65 ± 1 
100 0.66 ± 0.06 434 ± 34 0.06 ± 0.04 256 ± 11 
         
[Mg2+] (mM) k–1(1) A–1(1) k–1(2) A–1(2) 
5 1.52 ± 0.09 131 ± 19 0.13 ± 0.03 100 ± 3 
10 1.87 ± 0.09 128 ± 16 0.16 ± 0.01 120 ± 1 
15 1.64 ± 0.02 274 ± 10 0.10 ± 0.01 43 ± 1 
20 2.24 ± 0.08 166 ± 18 0.12 ± 0.01 82 ± 1 
30 1.66 ± 0.05 85 ± 6 0.11 ± 0.01 46 ± 0 
40 2.87 ± 0.14 60 ± 12 0.08 ± 0.00 120 ± 1 
50 1.02 ± 0.08 269 ± 38 0.14 ± 0.03 154 ± 6 
60 0.49 ± 0.04 69 ± 5 0.07 ± 0.01 151 ± 1 
80 0.17 ± 0.03 145 ± 12 0.08 ± 0.00 58 ± 4 






Figure 56. Calculation of rates k1 (left column) and k–1 (right column). Number of dwell times shorter than
time t obtained form integration of dwell time histograms at MgCl2 concentrations as indicated to the right are
shown together with double exponential fits (black lines). 
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4.2.11 Substrate binding stabilizes the 0.6 FRET conformation and leads to 
the according changes in folding rates 
In our FRET studies, the F and the N states become apparent as two distinct distributions 
above 20 mM Mg2+. The presence of these two more compact distributions thereby coincides 
with the onset of catalytic activity (compare Figures 45, 47 and Figure 50), suggesting that 
one of these two conformations corresponds to the catalytically active structure. However, it 
has been suggested that Sc.D135 collapses directly to the active state with a midpoint of about 
20-40 mM Mg2+.[125] The question now is: Which of the states with higher FRET represents 
the active conformation? 
In order to elucidate the active conformation, smFRET studies on Sc.D135-L14* in the 
presence of the substrates 17/7 and 17/7-dC were performed. The retarded cleavage of 17/7-
dC (kobs = 0.05 ± 0.01 min–1, Table 7) enables the observation of the substrate bound 
Figure 57. The presence of substrate effects Sc.D135-L14* dynamics and indicates native state stabilization. a
Characteristic single molecule trajectory observable in the presence of 17/7-dC. The 0.6 state occurs at high
frequency (compare to Figure 14B and 15). Distribution is shown to the right. b Histogram of FRET
efficiency in the absence of substrate (top), in the presence of substrate 17/7 (middle) and in the presence of
the slower cleaving substrate 17/7-dC (bottom). The 0.6 state is clearly stabilized by substrate binding. 
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Sc.D135-L14* molecules for longer periods of time. The presence of either 17/7 or 17/7-dC 
clearly stabilizes the N state as indicated by the stronger contribution of the 0.6 FRET to the 
histograms (Figure 57), suggesting that the high FRET state corresponds to the active 
conformation. Consequently, the intermediate state represents a hitherto undetected obligatory 
intermediate, or near-native state, from which only few molecules reach the active state at a 
time. Interestingly, the substrate 17/7 leads to a higher occurrence of the 0.6 state compared to 
the 17/7-dC oligonucleotide. A plausible explanation for this finding could be that the 2'-OH 
at the cleavage site makes contacts that contribute to the assembly of the catalytic core and 
hence, also to the overall architecture. 
Additionally, the folding rates k2 and k–2 were measured in the presence of 17/7 and 17/7-
dC from 6 and 17 single molecule trajectories, respectively. Substrate binding increases k2 by 
one order of magnitude (1.3 ± 1.8 and 0.7 ± 1.2 s–1, respectively) and k–2 decreases by 30- 
50% (0.8 ± 1.1 and 1.2 ± 1.8 s–1, respectively), further indicating that the substrate stabilizes 
folding into the N state, in agreement with the above described findings. 
 
4.2.12 Ca2+ changes the folding rates and results in accumulation of 
Sc.D135-L14* in an altered 0.6 state 
In a trans cleavage assay using exD123 and D5, it was found that Ca2+ severely inhibits 
the first step of selfsplicing (Figure 58).[25, 201] No cleavage product was obtained in 100 
mM Ca2+ or a mixture of 100 mM Mg2+ : 100 mM Ca2+. A series of assays at lower Ca2+ 
concentrations, i.e. 1-5 mM CaCl2, was then carried out. In these assays, MgCl2 was added to 
obtain a total divalent cation concentration of 100 mM in order to work under conditions of 
the same ionic strength and reliable comparison of the kinetic profile of reactions at different 
Ca2+ concentrations. Under all conditions, the reactions still obeyed pseudo-first order 
kinetics.  
The cleavage rates were found to decrease roughly 2-fold upon addition of 5 mM Ca2+ 
(kobs = 0.023 ± 0.01 min–1) compared to the reaction in Mg2+ only (kobs = 0.045 ± 0.02 min–1) 
(Figure 58).[25] Further addition of Ca2+ continuously decreases the reaction rate and at a 
ratio of 80:20 for Mg2+:Ca2+, no splicing product was detected after 20 min incubation at 42 
°C. Additionally to these reactions that were performed in mixed metal ion solutions from the 
beginning of the reaction, Ca2+ was also found to inhibit the formation of the products if Ca2+ 
was added to a reaction conducted exclusively in Mg2+ at a later point in time during the 
reaction.[25] Taken together, these results indicate that Ca2+ either disrupts the active three-
dimensional structure or directly interferes with catalysis. Additionally, Ca2+ is able to 
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actively replace Mg2+ in a prefolded state 
of the molecules from at least one of its 
crucial binding pockets and consequently, 
to inhibit splicing.[25] 
Knowing about this inhibitory effect 
of Ca2+ in cleavage reactions, smFRET 
experiments on Sc.D135-L14* were 
performed to further characterize the 
impact of Ca2+ on folding by analyzing 
single molecule time traces. Experiments 
were conducted in the absence of 
substrates to determine the influence of 
Ca2+ on folding independently of catalysis. 
Analogous to the cleavage reactions 
described above, the amount of Ca2+ was 
increased from 0 to 2, 5, 7 or up to 10 mM in a background of Mg2+ to a total divalent cation 
concentration of 100 mM. Distribution histograms of the resulting FRET ratios in single 
molecule time trajectories are shown in Figure 59. The contribution of the 0.6 state is 
dramatically enhanced at Ca2+ concentration of 7 and 10 mM! On the other hand, the 
magnitude of the 0.4 state decreases as Ca2+ is increased. Careful inspection of the histograms 
reveals a shift in maximum at the 0.6 state from 0.57 (0, 2, 5 mM Ca2+) to 0.55 (7 mM Ca2+) 
and 0.54 (10 mM Ca2+), whereas the peaks at 0.25 and 0.4 stay constant. 
Figure 58. Trans cleavage reaction of exD123
(substrate) and D5 (catalyst) is inhibited by increasing
concentrations of Ca2+. a The cleavage reaction of
exD123 and D5, resulting in the release of the exon (ex)
piece, is shown schematically. b A concentration of
only 5 mM Ca2+ in a 95 mM Mg2+ background already
results in a roughly two-fold slowdown of the cleavage
rate. Figures are adapted from [25]. (Diss Michele) 
Dwell time analysis was performed as described for experiments with changing Mg2+ 
concentrations (1-100 mM Mg2+, Section 3.2.9) and at 100 mM Mg2+ in the presence of 
substrates (Section 3.2.11): Dwell time distributions of typically 30-50 molecules were 
integrated and fitted with exponentials, revealing heterogeneity and determining the folding 
rates k1 and k-1. The folding rates k2 and k-2 were calculated from averaged dwell times. The 
obtained folding rates (Table 11) reveal a dependency on Ca2+ concentration: k1 and k2 
Table 11. Folding rates in the presence of various concentrations of Ca2+. 




–1) # mol 
0 100 0.66 ± 0.06 0.51 ± 0.05 0.07 1.70 253/18 
2 98 0.78 ± 0.22 0.13 ± 0.02 0.18 1.08 48 
5 95 0.65 ± 0.13 0.06 ± 0.01 0.26 0.60 33 
7 93 1.53 ± 0.18 0.25 ± 0.01 0.47 0.63 35 




increase and k–1, k–2 decrease, each one showing an approximately linear, but individually 
distinct tendency (Figure 60). 
 
Figure 59. Distribution histograms of smFRET time traces in the presence of Ca2+. Upon addition of up to
10 mM Ca2+ (in a total divalent metal ion concentration of 100 mM completed with the addition of Mg2+),
the contribution of the high FRET state at ~0.6 dramatically increases. Concomitantly, the mean maximal
FRET value shifts from 0.57 to 0.54 and the peak height of the 0.4 FRET state decreases.  
The histograms show an accumulation of the molecules in the 0.6 FRET state. This is due 
to increased lifetimes in the folded 0.6 FRET state. The molecules still sparsely reach the 0.6 
FRET state, but once there, they will populate it for a longer time before returning back to the 
0.4 FRET state. The forward rates increase, whereas the backwards rate decrease, indicating 
stabilization of the transition states. The molecule apparently requires less time for folding to 
the next state and spends more time in these states before unfolding. Yet, this change in 
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folding profile results in inhibition of 
cleavage. Interestingly, there is a slight 
shift in distribution maximum of the 
highest FRET state at ~0.6 (N). The 
lower FRET states (I and F) do not 
experience any shift in the FRET ratio. 
This is a possible indication, that the 
high FRET state that forms in the 
presence of Ca2+ is slightly different 
than in the presence of Mg2+. This high 
FRET state formed in the presence of 
Ca2+ therefore would represent an 
aberrant, misfolded species. In this case however, the calculated rates would not exclusively 
reflect the rates of formation of this misfolded species (M), but rather a mixture from 
dynamics to M as well as the correctly formed (active) state N since both Mg2+ and Ca2+ are 
present at all instances.  
Figure 60. Folding rates in the presence of Ca2+. Linear
changing tendencies are reported for k1 (■, solid line), k–1 (●,
dotted line), k2 ( , dashed line) and k–2 ( , dash-dotted line).
However, the folding of Sc.D135-L14* from I to a higher FRET state is impaired in the 
presence of Ca2+ compared to Mg2+. Waldsich et al. state a folding control mechanism for 
tertiary structure formation of Sc.D135,[56] in which the substructure within D1 including the 
κ-ζ element controls the specific collapse of the molecule. Furthermore, this distinct 
substructure is described to be a metal ion binding pocket.[225] It is therefore possible that 
the observed effect on folding is due to binding of a Ca2+ to the κ-ζ element and thereby, 
interferes with folding control. The κ-ζ element serves also as the docking platform for D5 
binding later in the folding pathway.[56] A Ca2+ metal ion at this central core structure might 
therefore influence the correct formation of the active site structure and as a result, interfere 
with catalysis.  
The utilization of the smFRET insights for interpretation of the results from the cleavage 
assays is not straightforward, since the RNA systems studied in the different assays are not 
equal. Nevertheless, the interesting finding that Ca2+ replaces Mg2+ in prefolded molecules 
might be connected to the fact that the molecules are highly dynamic even at high divalent 
metal ion concentrations. The metal ion replacement might not (only) happen in the folded 
state, but the binding site(s) might become accessible in the intermediate forms that are 
potentially populated long enough for the exchange to take place. In the subsequent folding 
transition(s), the high FRET state reached might be slightly altered and no longer active. 
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4.3 Discussion and Conclusion 
A new paradigm for folding of large multidomain RNAs 
The Sc.D135-L14* RNA presented in this work is the largest protein free ribozyme 
system studied so far by single molecule FRET. The folding pathway of this remarkable 
intron is characterized in detail and reveals a folding procedure including four steps: The 
folding pathway starts with the formation of U from a random coil structure, and proceeds 
through three subsequent folding steps with a previously uncharacterized on-pathway folding 
intermediate, extending earlier studies that suggested a folding pathway devoid of kinetic 
traps. The identification of a hitherto unknown on-pathway folding intermediate has direct 
implications not only for the folding pathway but also catalysis of these large molecular 
machines. Group II intron folding is unique but might very well represent a paradigm for the 
multidomain assembly of large RNAs and RNA-protein complexes. Our single molecule 
experiments reveal important new concepts for RNA folding in general and also explain long-
standing questions for group II intron catalysis.  
The slow and overall rate-limiting compaction of D1 at low Mg2+ concentration yields a 
transient intermediate I, which corresponds to the 0.25 FRET state in the experiments 
described in this work. The slight decrease in FRET from 0.28 to 0.24 between 1 and 20 mM 
could thereby reflect the capturing of Mg2+ by the κ-ζ region, as described in NAIM 
studies,[225] and the subsequent structural compaction. 
With increasing Mg2+, two additional states F and N at 0.4 and 0.6 FRET arise stepwise. 
Mg2+ concentration > 10 mM are needed to substantially populate F. Nevertheless, F becomes 
dominant only at Mg2+ concentrations approaching 100 mM, consistent with results from 
hydroxyl radical footprinting, where D5 becomes fully protected only above 100 mM 
Mg2+.[125] The accumulation of F is paralleled by the decrease of the low FRET state I 
(Figure 50). In accordance with previous results,[56, 84, 225] the F state corresponds to a 
compact Sc.D135 state. Similar to the folding of the C-domain of RNase P[234] and the 
Tetrahymena ribozyme,[264] the rates for the transition between I and F are independent of 
Mg2+ (Figure 55), suggesting a conformational capture mechanism to anchor the remaining 
domains to the D1 scaffold. This finding is highly intriguing as already the preceding D1 
compaction follows this mechanism, where the rate of D1 compaction is independent but the 
amplitude of compaction is dependent on Mg2+ concentration. It thus appears that the whole 
pathway of Sc.D135 folding in vitro is dominated by the trapping of inherently unstable 
conformations by Mg2+. Taken together, this indicates that to capture D3 and D5, as well as to 
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stabilize the Sc.D135 complex, Mg2+ ions are the determining factor under in vitro conditions. 
The very interesting and as yet undescribed finding that Sc.D135 molecules show 
distinctively more dynamics upon the presence of higher Mg2+ concentrations and the 
existence of low energy barriers between the compact species I, F and N adds to the idea of a 
new paradigm of folding. Rather than to stably reach the native state, the molecule uses 
dynamics for accurate and flexible folding as well as attendance to the environment at all 
times. 
The newly discovered N state at 0.6 FRET very likely corresponds to the active state. It 
can be distinguished from F only above 20 mM Mg2+, but always remains a minor species. 
This explains why it has not been previously observed in bulk experiments and at the same 
time illustrates the power of smFRET to identify short-lived conformations otherwise hidden 
in ensemble-averaged experiments. The relative stability between the F and N states remains 
constant above 40 mM Mg2+, ruling out a capture mechanism involving Mg2+ for the F → N 
transition. Instead, it is binding of the substrate that leads to a stabilization of the N state, 
making N the catalytically active species. The change in FRET intensity by about 0.2 must be 
accompanied by a major conformational change of the compact Sc.D135-L14*: As the IBS-
EBS and ε-ε' interactions are located within D1 and their specific formation will not be 
reported on in the FRET assay described here, it must be the tripartite λ-λ'-λ' interaction, 
linking the intronic 5'-end with central nucleotides in D1 and the catalytically crucial 
D5,[185] that causes this major rearrangement of domains. Such a stabilization of the native 
state by tertiary contacts resembles the situation in the extended hammerhead ribozyme,[265, 
266] although in that case the responsible interaction is distant from the cleavage site. 
The presence of divalent metal ion cofactors other than Mg2+ induces alterations in 
folding and changes the conformational state N, which results in inhibition of catalysis as 
shown for the case of Ca2+. There is a high sensitivity of Sc.D135 towards the identity of 
metal ion cofactors. This finding further adds to the idea of the existence of a highly 
optimized folding control element that is directed by metal ion binding and whose accuracy 
additionally is dependent on the correct cofactor (Mg2+ in the case for Sc.D135).  
One can now speculate about additional implication of our results for the splicing 
mechanism of group II introns when a water molecule acts as the nucleophile. The intron 
folds directly to the on-pathway compact core involving domains 1, 3, and 5. In the presence 
of the covalently bound 5'-exon, rearrangement to the active species takes place in 
equilibrium. It remains unknown to what extent the active species is formed under these 
conditions. However, after the first step of splicing, the intron falls back to the starting 
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collapsed state where it remains majorily. Based from this collapsed state the intron can now 
reach the active conformation for the second step of splicing, i.e. the cleavage of the 3'-exon 
(Figure 61). Also in the presence of 
D6, it is potentially highly 
advantageous for the intron to 
follow a reaction mechanism, 
where from a central state (F in our 
case) the different active species 
can be reached, falling back to the 
central state after the specific 
cleavage reaction. In addition, the 
molecules are sensitive to 
contaminations and changing 
conditions and might form 
misfolded species upon binding of 
an incorrect metal ion cofactor. 
Figure 61. The folding pathway to the collapsed Sc.D135 state
(F) as a starting point to reach the different native states for 5'-
splicing (this work, N5'-splice) and hypothetically similar native
state for further catalytic steps (N3'-splice, Nbranch) or a misfolded,
inactive species (M).
 
Implications for in vivo functioning of group II introns  
Folding of a large multidomain RNA without kinetic traps following exclusively on-
pathways intermediates is hitherto unknown. Nevertheless, such a highly ordered pathway is 
very advantageous for a retro-element like a group II intron. It allows this molecule to fold co-
transcriptionally starting with D1, which is transcribed first. The slow transition from U to I 
thereby ensures a proper folding of this domain and subsequent docking of the downstream 
domains as soon as they have been transcribed (e.g. D3 and D5). After self-splicing, the 
ribozyme resides in the near-native state F. Indeed, the observed active state N is stabilized by 
substrate binding, and thus is a mimic for the first step of a retro-homing group II intron.  
While Sc.ai5γ requires high salt and temperature in vitro for functioning, this ribozyme is 
assisted by the protein Mss116 in vivo.[267] Mss116 is a DEAD-box protein with ATPase as 
well as helicase activity.[268] It has been a matter of debate if the unwinding activity of 
Mss116 is needed to promote splicing [269, 270]. The fact that the folding pathway of the 
Sc.D135-L14 ribozyme is devoid of any kinetic trap on the single molecule level now 
supports the idea that Mss116 is only needed to stabilize the native fold at low Mg2+ 
concentration and not to help the RNA to escape from misfolded intermediates. 
Due to our labeling scheme with the two fluorophores sitting in D1 and D4 and the 
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experimental constraints (30 ms time resolution), we are likely to miss further intermediate 
states, e.g. the docking of D3, as such states are formed either very fast or might not lead to 
large rearrangements of the RNA overall architecture and hence a considerable change in 
FRET using the current fluorophore positions. However, the exponential shape of the dwell 
time distributions does not support this idea. To conclude, group II intron folding seems to 
follow a unique, highly ordered pathway without any side-tracks. Over all, we still have 
relatively little knowledge on its energetics and driving forces, but considering the rich 
evolutionary heritage of these introns, it is likely that their folding pathway constitutes a new 
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FRET reports on the distance and the relative distance changes of two fluorophores that 
are fixed at certain positions within a molecule. Hence, only conformational changes that alter 
the positions of these two selected points relative to each other will be monitored. The domain 
motions detected by FRET lead to only qualitatively interpretation with respect to the two 
labeled domains, whereas the behavior of the other domains is only indirectly reflected in the 
optimal case and often remains "dark", i.e. hidden. To shine light on other aspects of the 
folding pathway and on conformational changes of other domains in isolation or the context 
of the entire molecules as well as to verify the present results, it is necessary to alter the 
positions of the fluorophores on the molecule. 
 
4.4.1 GMPS transcription and labeling with Cy5-maleimide 
As described in 4.1.2, it is potentially feasible to place a fluorescent dye on either of the 
RNA termini. A tRNAAsp containing a 5'-monothiophosphate was labeled postranscriptionally 
with fluorescein and was successfully used in FRET experiments.[244] In a similar approach, 
in vitro transcriptions of Sc.D135-L14 and Sc.D1-L1 (vide infra) in the presence of GMPS 
and subsequent attempts to label the RNAs with Cy5-maleimide were carried out to 
eventually result in the desired smFRET constructs (Figure 62). The Sc.D1-L1 RNA consists 
of D1 including the loop in d2b to be labeled by Cy3-DNA and the construct was obtained by 
introduction of a EcoRI restriction site after the D1 sequence into the plasmid pT7D135-L14 
using point mutation PCR. The 
digestion of the plasmid with EcoRI 
and subsequent in vitro transcription 
will yield a RNA that ends after the 
D1 sequence. Since the 3'-overhang 
is now no longer present in Sc.D1-L1 
for binding of T-biotin and therefore, 
biotin labeling, the Sc.D1-L1 was 
postranscriptionally and covalently 
biotinylated at the 3'-end (Figure 
62b). 
Figure 62. Schematic secondary structure depicting of a
Sc.D135-L14-Cy5 bound to Cy3-DNA and T-Biotin, b Sc.D1-
L1 bound to Cy3-DNA. Cy5 and Biotin are covalently attached
to Sc.D1-L1 at the 5'- and the 3'-end, respectively. Cy3 (green)
and Cy5 (red) are depicted as spikes and biotin is shown as
gray marker. 
The in vitro transcriptions of both Sc.D1-L1-GMPS and Sc.D135-L14-GMPS were 
carried out with a mixture of 4:1 GMPS:GTP. Therefore, 80 % of the generated RNAs should 
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start with a 5'-monothiophosphate. Surprisingly, the 
transcription yields were hardly reduced and similar 
to the yields obtained from transcriptions in the 
absence of GMPS. Yet, subsequent attempts to label 
the GMPS-carrying RNAs with Cy5-maleimide were 
partially successful, but so far unsatisfactory. Even 
repeated labeling of already partially labeled RNAs 
under optimized conditions would not result in 
labeling efficiencies of more than maximally 14% 
for Sc.D1-L1-GMPS or 2.3% for Sc.D135-L14-
GMPS. But a minimal amount of labeled RNA can 
clearly be detected via UV-absorption of Cy5 (data 
not shown) or via denaturing PAGE separation and 
detection of Cy5-emission (Figure 63). The 
unsatisfactory labeling efficiency is most probably 
due to the large size (418 nts for Sc.D1-L1 and 638 
nts for Sc.D135-L14) and possibly some form of 
secondary and tertiary structure of the RNAs during 
the labeling reaction that complicates the 
accessibility of the 5'-end and hampers the labeling reaction. The labeling of large RNAs has 
been described to be increasingly difficult with size.[235] In addition, it seems likely that less 
than 80% of the RNAs are primed with GMPS when comparing the surprisingly similar 
transcription yields compared to transcriptions in the absence of GMPS, which might be due 
to the presence of more GTP in the transcription than anticipated.  
Figure 63. Fluorescence detection of
Sc.D135-L14-Cy5 and Sc.D1-L1-Cy5 on a
denaturing gel. Successful labeling of
Sc.D135-L14-GMPS and Sc.D1-L1-GMPS
(lane 3) with Cy5 maleimide is proven by
detection of Cy5-fluorescence bands for
Sc.D135-L14-Cy5 (lane 2) and Sc.D1-L1-
Cy5 (lane 3). A minor side band is detected
for Sc.D1-L1-Cy5 (lane 3) and might
correspond to some form of dimer. 
Initial smFRET experiments on Sc.D1-L1-Cy5 already revealed complications generated 
by the low labeling efficiency (14 %) and the fact, that the RNA is most probably not 100 % 
biotinylated and maybe also partially suffered from the harsh conditions during the oxidation 
and subsequent biotinylation process. Therefore, the immobilization efficiency is reduced and, 
once immobilized, only 14 % of the molecules carry a donor and an acceptor molecule at the 
same time. The RNA concentration in the samples needed to be elevated for normal single 
molecule dot density on the quartz slide and as a result, aggregations and therefore, low 
resolution hampered attempts to carry out meaningful smFRET experiments.  
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4.4.2 Acceptor molecule at 3'-end 
As an alternative to the 5'-end 
positioning, the Cy5-label was attached 
to the 3'-end. The ribozymes are 
immobilized to the quartz surface in 
smFRET experiments via binding of a 
biotinylated oligonucleotide at their 3'-
end. This DNA-oligo carries the biotin 
moiety at its 5'-end but contains a 3'-end 
that is available for fluorophore labeling. 
Therefore, the 3'-Cy5-labeled DNA-
oligo T-Biotin-Cy5 was generated to bind and immobilize Sc.D135-L14 and at the same time 
introduce the acceptor label to the respective 3'-end (Figure 64).  
Figure 64. SmFRET set-up for constructs carrying the
Cy5-label at the 3'-end. a Sc.D135-L14 bound to Cy3-
DNA and biotin- as well as Cy5-labeled T-Biotin-Cy5. b
Sc.D1-L1 bound to Cy3-DNA and corresponding DNA-
oligo T-D1-Cy5 showing disruption of the i-arm in D1.
Cy3 (green) and Cy5 (red) are depicted as spikes and
biotin is shown as a gray marker. 
Initial smFRET experiments with Sc.D135-L14 bound to Cy3-DNA and T-Biotin-Cy5 
were conducted (Figure 64a). At 10 mM Mg2+, the molecule predominantly stay in a low 
FRET state at a ratio of ~0.15 (Figure 65a). As found in smFRET with Sc.D135-L14*, ~50 % 
of the molecules show dynamics and higher FRET values in the presence of 100 mM Mg2+ 
(Figure 65b). Again, the molecules are able to adapt three distinct conformational states at 
different FRET values (Figure 65c). Yet, the low FRET value is no longer at 0.25, but 
lowered to ~0.15. Such a low ratio is increasingly difficult to be distinguished from 
photobleached states and hence, this system is not optimal for such studies. Yet, the increase 
in dynamics at high Mg2+ concentrations and the existence of three conformational states is 
confirmed. 
We also attempted to design a similar system to study D1 in isolation. A DNA-oligo is 
needed to immobilize Sc.D1-L1 on the quartz surface. This oligonucleotide, called T-D1-Cy5, 
would be complementary to the last 20-22 nts of the Sc.D1-L1 sequence and carry a biotin at 
is 5'- and the Cy5-label on its 3'-end. Possible complication can arise due to the partial 
competition of formation of the i-arm in D1 and the binding of T-D1-Cy5 to the same 
sequence. Initial attempts to work with this system were unsuccessful, because the T-D1-Cy5 
sequence was unluckily designed to bind to the 3'-half of D2, a sequence that was no longer 
contained in Sc.D1-L1. Therefore, the ribozymes would not bind T-D1-Cy5 and subsequently, 
no be immobilized on the quartz slide and no RNA signals are detected. 
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Further attempts to place the Cy5-analog Alexa Fluor 647 directly to the 3'-end of Sc.D1-
L1 and also a shorter RNA D1ssh (D1 supershort, 45 nts) were so far unsuccessful and 
yielded no fluorescently labeled products. The 3'-end of the RNAs were oxidized to 
carboxylic acids and were then tried to react with the carboxylic acid-reactive Alexa Fluor 
647 cadaverine (an aliphatic amine). This reaction is found to be highly delicate and the 
reactivity drops with decreasing pH.[142] 
Figure 65. Single molecule experiments using T-Biotin2 (5'-Cy5 labeled). a Single molecule spots at 10 mM
Mg2+ detected in the donor channel (112 spots) are shown to the left, spots detected in the acceptor channel (6
spots) to the right. b Single molecule snapshot at 100 mM Mg2+ showing 82 spots in the donor (left) and 46
spots in the acceptor channel (right). Numbers of detected spots stated in acceptor channel are spots with
average FRET ratio intensities > 0.25. c Single molecule trace at 100 mM Mg2+ showing three reoccurring
FRET states at mean FRET ratios of 0.15, 0.4 and ~0.6.  
 
4.4.3 The constructs Sc.D135-L1α, Sc.D135-L1β and Sc.D135-L1κ 
The original labeling approach using two modular hairpin loops remains the most flexible 
and promising one. Three more constructs were designed to study conformational changes 
within D1 during the folding pathway in greater detail: Sc.D135-L1α, Sc.D135-L1β and 
Sc.D135-L1κ (Figure 66). The location of the loop in d2b of D1 (L1) that binds Cy3-DNA is 
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retained in all constructs, but the position of the second loop (L2) was moved throughout the 
ribozyme molecules. In Sc.D135-L1α, L2 replaces nucleotides 36-45 of Sc.D135 and hence, 
L2 is adjacent to the stem-loop comprising the nucleotides termed α that are involved in the 
tertiary contact α−α' (Figure 66a). L2 is positioned at the original nucleotides 159-161 in 
Sc.D135-L1β. L2 is thereby close to nucleotides involved in the β-part of the tertiary 
interaction β−β' and hence, the name Sc.D135-L1β (Figure 66b) . The third construct 
Sc.D135-L1κ harbors L2 right next to the bulge nucleotides, which are known to make up 
parts of the κ−κ' interaction (Figure 66c).  
Both Sc.D135-L1α and Sc.D135-L1β are designed to study the intramolecular long range 
tertiary structure formations α−α' and β−β' within D1 and therefore, to report on the slow step 
of D1 folding as experienced by the selected (labeled) positions relative to each other. The 
third construct Sc.D135-L1κ would not report directly on the κ−κ' tertiary contact formation, 
since this is an interdomain contact between D1 and D5 whereas both L1 and L2 sit on D1 in 
Sc.D135-L1κ, but rather reflect the specific collapse within D1[56] upon metal ion binding to 
the κ-ζ element and potentially allow further insights in the proposed switch-mechanism that 
is accompanied by metal ion binding.[225] 
 
Figure 66. Secondary structure depiction of a Sc.D135-L1α, b Sc.D135-L1β  and c Sc.D135-L1κ bound to Cy5-
DNA and Cy3-DNA. Cy3 and Cy5 are indicated as green or red spike, respectively. Position of loop 1 (L1) that
binds Cy3-DNA is shown in yellow, L2, to which Cy5-DNA binds, is shown in orange. Locations of nucleotides
involved in formation of the tertiary contacts α-α', β-β' and the κ-ζ region are marked in grey. 
Fluorophore labeled DNA-oligo binding 
Native gel analysis was carried out to test for the accessibility of L1 and L2 and binding 
of Cy3-DNA and Cy5-DNA to the loops on the new constructs. As found for Sc.D135-L14*, 
a part of the fluorophore bound RNA complex sticks in the wells and is not mobile, whereas 
there are distinct bands that move into the gel (Figure 67). The band that moves furthest into 
the gel shows a colocalization (but not perfect overlay) of Cy3-DNA and Cy5-DNA for 
Sc.D135-L1α.(Figure 67, lane 1). The band at the same height for Sc.D135-L1β is less intense 
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and a second band appears running slightly higher 
(Figure 67, lane 2). A color separation seems to 
occur as the lower band is predominantly green 
(Cy3-DNA bound) and the upper band appears 
mainly red (Cy5-DNA bound). In the case of 
Sc.D135-L1κ, it is this second lowest band that 
predominantly colocalized Cy3-DNA and Cy5-
DNA (Figure 67, lane 3).  
It is not possible to assign conformational 
states to the bands on the bases of this native gel 
only, but it seems that the most compact Cy3-
DNA and Cy5-DNA bound state of the ribozymes 
that moves furthest into the gel is detected for 
Sc.D135-L1α and the same state is still detected 
for Sc.D135-L1β. Yet formation of this most 
compact state is reduced in the case of Sc.D135-
L1κ indicating possible interference with 
sequence modification and/or FRET labeling on 
the folding pathway.  
 
Figure 67. Binding of Cy3-DNA and Cy5-
DNA to the additional smFRET constructs
detected on non-denaturing gel electrophoresis.
Fluorescence detection of bands containing Cy3
(green) and Cy5 (red) to a Sc.D135-L1α, b
Sc.D135-L1β, c Sc.D135-L1κ. The two lowest
RNA-DNA hybrid bands are indicated as black
bars to the right. Overlaying bands showing
Cy3 as well as Cy5 emission and appear
yellow. Amount of Cy3-DNA and Cy5-DNA is
10 nmol and 20 nmol, respectively, RNA is
present at 15 nmol. All samples are prefolded in
metal ions (0.5 M KCl, 6 mM MgCl2) before
native gel (6% w/v) electrophoresis at 4 °C (3
mM MgOAc and 66 mM HEPES, 34 mM Tris,
pH 7.4 (RT)) 
 
Catalytic performance 
Catalytic assays to test for cleavage of 
5'-32P-17/7 result in kobs of 0.30 ± 0.02 min–
1, 0.35 ± 0.02 min–1 and 0.23 ± 0.02 min–1 
for Sc.D135-L1α*, Sc.D135-L1β* and 
Sc.D135-L1κ* (all fully Cy3-DNA, Cy5-
DNA and T-Biotin bound), respectively 
(Figure 68). The product formation was 85% 
for Sc.D135-L1α*, Sc.D135-L1β* and a 
little reduced to 78% for Sc.D135-L1κ*. 
Sc.D135-L1α* as well as Sc.D135-
L1β* cleave slightly faster than Sc.D135-
L14* (kobs = 0.27 ± 0.01 min–1, Table 7), 
Figure 68. Cleavage of substrate 17/7 (5'-32P) by
additional smFRET constructs. Cleavage by Sc.D135-
L1α* (■, solid line), Sc.D135-L1β* (●, dotted line) and
Sc.D135-L1κ* (▲, dashed line) The lines correspond to
single exponential fits and reactions were performed in
80 mM MOPS, pH 7.0, 500 mM KCl, 100 mM MgCl2
and at 42°C. 
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whereas the cleavage by Sc.D135-L1κ* 
is slowed down.  
Hence, Sc.D135-L1α* and 
Sc.D135-L1β* are suited to investigate 
D1 folding by FRET. The Sc.D135-
L1κ* ribozyme is slightly less active. 
This is reflected in the reduced cleavage 
rate and the extent of product formation, 
although both values are not 
significantly different from parameters 
for Sc.D135-L14*. An inhibition of 
catalysis is actually expected in the latter 
case, because the modular loop is placed 
at the core of the ribozyme. Taking this 
in account, the almost equal catalytic 
performance of Sc.D135-L14* is 
actually surprising.  
 
Overall ensemble folding 
The overall FRET distance change 
upon folding of Sc.D135-L1α*, 
Sc.D135-L1β* and Sc.D135-L1κ* was 
characterized in steady-state FRET 
measurements analogous to the 
experiments with Sc.D135-L14* (Figure 
47).  
Figure 69. FRET ratios of additional smFRET constructs
dependent on Mg2+ concentration. a The FRET ratio of
Sc.D135-L1α* follows a linear decrease upon increasing
amounts of Mg2+ (0-100 mM). b FRET ratio of Sc.D135-
L1β* increases with a dependency of KMg = 30 ± 23 mM
upon Mg2+ addition. Solid black line depicts fit with Hill
equation. c Sc.D135-L1κ* shows a decreasing FRET ratio
in the range of 0-20 Mg2+ before value increases to a
maximum. The increase during 20-150 mM Mg2+ is fitted
with the Hill equation (solid black line) resulting in a KMg
= 68 ± 3 mM. Samples are recorded in 80 mM MOPS, pH
7.0, 500 mM KCl, MgCl2 as indicated and at 42 °C. 
Surprisingly, the FRET ratio in 
Sc.D135-L1α* does not increase upon 
Mg2+ addition up to 100 mM (Figure 
69a)! Rather, the FRET value is 
decreasing in an approximately linear 
fashion from 0.28 to 0.265. The folding 
rates do not change in dependency of 
Mg2+ and at 100 mM, kobs = 1.2 ± 0.1 
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min–1. It appears that the fluorophores at their positions on Sc.D135-L1α* do not undergo 
large relative distance changes upon folding. Rather, the two selected regions diverge even 
more upon folding and do not report on the formation of the tertiary contact α–α'. These 
results make Sc.D135-L1α* impracticable to study formation of α–α' by FRET. Apart from 
this, an overall folding rate of kobs ~ 1 min–1 of D1 compaction is, again, confirmed.  
In the case of Sc.D135-L1β*, the overall FRET ratio is higher than observed for Sc.D135-
L1α* and increases from 0.37 to 0.43 upon addition of 100 mM Mg2+ (Figure 69b). A 
dependency of the final FRET value on Mg2+ concentration is recorded and can even be fitted 
with a Hill equation resulting in KMg = 30 ± 23 mM. As the very large error indicates, this fit 
does not describe the observed data well in any way. The rate of folding again does not 
change much with Mg2+ and stays approximately equal at kobs = 1.5 ± 0.2 min–1 (100 mM 
Mg2+). This rate indicates a slightly faster folding step within D1 and might reflect the 
formation of the long-range β−β' tertiary contact formation. 
The observed overall FRET ratio of Sc.D135-L1κ* first slightly decreases from 0.373 to 
0.363 as the Mg2+ concentration is increased from 0 to 20 mM and then increases up to 0.405 
by further Mg2+ addition up to 150 mM (Figure 69c). This result is very interesting! It appears 
that two separate events can be resolved in construct Sc.D135-L1κ*. The initial decrease from 
0-20 mM Mg2+ corresponds to the concentration range, in which the initial collapse within D1 
occurs.[132] The FRET decrease in Sc.D135-L1κ* at 0-20 mM might therefore report on the 
binding of a metal ion to the κ-ζ element that results in the formation of I.[56, 225] The 
increase in FRET ratio at concentrations of 20-150 mM Mg2+ is described with a Mg2+ 
dependency of KMg = 68 ± 3 mM. The folding rate is again found not to change dramatically 
with Mg2+ and shows a kobs = 0.55 ± 0.10 min–1 at 100 mM. The high KMg and the reduced kobs 
of Sc.D135-L1κ* of the second event clearly reveal deviations from the Mg2+ requirements 
and the overall folding pathway of Sc.D135 and Sc.D135-L14*. Sc.D135-L1κ* shows an 
altered behavior in the formation of (near-) native states (F and N), but reports on two distinct 
events that are comfortably separated to be individually studied. 
Taken together, the most promising construct for further smFRET experiments are 
Sc.D135-L1β*, and, to a lesser extent, Sc.D135-L1α*. Sc.D135-L1β* proves to be 
fluorophore bound, active and experiences a distinct change in FRET upon Mg2+ addition. 
Furthermore, the folding rate (kobs ~ 1.5 min–1) of Sc.D135-L1β* is 50 % faster than the rate 
of folding detected by Sc.D135-L14*(kobs ~ 1 min–1). This result indicates a conformational 
change at an early stage of the folding pathway that potentially corresponds to the formation 
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of the long-range tertiary contact β-β'. Sc.D135-L1κ* is a very interesting construct, too. 
Although Sc.D135-L1κ* needs very high amounts of Mg2+ to reach the most compact state, it 
is still able to do so. In addition, it is the only construct that is able to distinguish between two 
events that possibly correspond to formation of I from U followed by folding to F/N. 
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4.5 Final remarks and Outlook 
Sc.D135-L1α* is the construct, in which the sequence modification and the labeling 
scheme overall apparently interferes the least with the folding and cleavage reaction. 
Unluckily, the regions chosen to carry the fluorophore labels do not seem to undergo large 
distance changes upon overall folding. Nonetheless, it would be interesting to perform 
smFRET measurements on Sc.D135-L1α* at least in a trial experiment, since one never 
knows what the single molecule technique is able to reveal! 
Sc.D135-L1κ* on the other hand shows deviations from the Sc.D135 system. The 
sequence modifications and the binding of the DNA-oligos effects catalysis only minimally, 
yet the Mg2+ requirements for folding to the most compact state are increased compared to 
Sc.D135-L14*. The κ-ζ region is known to be of elementary importance and hence, is of 
primary interest for the folding pathway. It is not a surprise that an RNA that is considerably 
modified and enlarged very close to this folding control element is affected in folding. Yet, it 
is interesting to note that high amount of Mg2+ are able to overcome this folding problem and 
turn the Sc.D135-L1κ* into a considerably catalytically competent ribozyme. In addition, the 
observed decrease in FRET ratio between 0-20 mM Mg2+ might correspond to the capturing 
of the intermediate conformational state (I). It will be very interesting to learn more about 
Sc.D135-L1κ* in smFRET experiments. 
All posttranscriptional attempts to modify this very large ribozyme system have not yet 
been fully successful. Nevertheless, the 3'-labeling approach described in the Section 4.4.2 is 
found to be applicable and could be an option to study folding of D1 in isolation. Rather than 
having the Cy5-label near the 3'-end of D1, isolated D1 could also be studied on constructs 
using the loops that bind Cy5-DNA as described in Sc.D135-L1α, Sc.D135-L1β and Sc.D135-
L1κ) yet are missing D2-D5. Such constructs (Sc.D1-L1α, Sc.D1-L1β, Sc.D1-L1κ) can be 
generated as shown for Sc.D1-L1. 
Further smFRET experiments with the here presented or additional constructs can be 
conducted in the presence of substrate(s) and different metal ion conditions or any other type 
of cofactor that can be thought of. Initial examples are given in sections 3.2.11 and 3.2.12. 
Importantly, experiments in the presence of a protein cofactor, i.e. Mss116, will be studied in 
the near future to deduce the significance of protein binding to group II intron ribozyme 
folding and to contribute to up-to-date research and discussion in this field.  
In an immediate next step, it will be important to carry out smFRET experiments at 
temperatures other than room temperatures to test the newly stated paradigm for folding of 
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large RNAs under different conditions. These experiments will become possible once the 
temperature control extension has been added to the smFRET set-up. 
The modular character of the RNA system as well as the smFRET technique allows a 
diverse array of experiments. Depending on the focus, specific experiments can be designed 
to collect pieces of information on RNA systems that are even as large as the Sc.D135-L14* 
ribozyme complex. 
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5. Materials and Methods 
5.1 Materials and Chemicals 
DNA oligonucleotides were purchased from Microsynth, Balgach (Switzerland) or from 
HHMI Biopolymer/Keck Foundation Biotechnology Resource Laboratory, Yale University, 
New Haven CT (USA). The nucleotide triphosphate came from Amersham Biosciences, 
Otelfingen (Switzerland), now part of GE Healthcare, Glattbrugg (Switzerland), except for 
UTP, which was obtained from Sigma-Aldrich-Fluka, Buchs (Switzerland), 2-NH2-PuMP was 
purchase from BioLog, Bremen (Germany). RNA was either transcribed in vitro or purchased 
from HHMI Biopolymer/Keck Foundation Biotechnology Resource Laboratory, Yale 
University, New Haven CT (USA) or Dharmacon Inc., Lafayette, CO (USA). 
Polynucleotide Kinase (PNK), Pfu polymerase and restriction enzymes HindIII, EcoRI 
and DpnI were from Promega, Madison WI (USA). 32P labeled nucleotide triphosphates and 
Cy5-maleimide were purchased from Amersham Biosciences, Otelfingen (Switzerland), now 
part of GE Healthcare, Glattbrugg (Switzerland). Alexa Fluor 647 cadaverine was purchased 
from Invitrogen AG, Basel (Switzerland) and T7 polymerase used for in vitro transcription 
was homemade.[239, 271] 
PCR products were purified using Perfectprep Gel Cleanup Kit from Eppendorf AG, 
Hamburg (Germany). Plasmid minipreps were isolated using High Pure Plasmid Isolation Kit 
from Roche, Basel (Switzerland) and plasmid maxipreps were purified using Plasmid Maxi 
Kit from BioRad Laboratories, Hercules CA (USA) or HiSpeed Plasmid Maxi Kit from 
Qiagen, Hilden (Germany). Digested plasmids were purified with Plasmid Midi Kit from 
Qiagen, Hilden (Germany) or using the Wizard® Clean-up System from Promega, Madison 
WI (USA). Sephadex MicroSpin G50 size exclusion columns for desalting and removal of 
unicorporated nucleotides were purchased from Amersham Biosciences, Otelfingen 
(Switzerland), now part of GE Healthcare, Glattbrugg (Switzerland). 
The MgCl2 used in the metal ion titrations was obtained as 1 M ultrapure solution in H2O 
from Fluka. The exact concentrations of the MgCl2, CaCl2, MnCl2 and CdCl2 stock solutions 
in 99.999% D2O each (Sigma-Aldrich) was determined by potentiometric pH titration 
employing EDTA. TbCl3 came from Sigma-Aldrich. 
All chemicals used were at least puriss p.a. and purchased from either Fluka-Sigma-





The Biotrap apparatus used for electroelution was purchased from Schleicher & Schuell, 
Dassel (Germany). Centrifuges were a 5415R and a5804R with rotor F-45-24-11 and 5804R 
with rotor A-4-44 from Eppendorf, Hamburg (Germany), as well as a RC5C plus from 
Sorvall, Langenselbold (Germany) with a SA-600, a SH-3000 and a SLA-3000 rotor. The 
purified RNA samples were vacuum-dried in a Concentrator 5301 from Eppendorf, Hamburg 
(Germany). Gels were dried on a Biometra Maxidry geldryer, Goettingen (Germany). 
The HPLC system used for RNA purification is a Merck Hitachi Elite La Chrom. The 
column used for ion exchange chromatography is an analytical 4x250 mm DNAPac® PA-100 
from Dionex, Sunnyvale CA (USA). For reversed phase chromatography a C18 Beckmann 
Coulter Ultrasphere column was employed. 
UV measurements were carried out on a Varian Cary 500 Scan UV-VIS-NIR 
spectrophotometer connected to a circulating temperature controller using a 1 or 10 mm QS 
cuvette from Hellma, Müllheim (Germany).  
2AP fluorescence experiments were performed on a Perkin-Elmer luminescence 
spectrometer LB-50 connected to a circulating waterbath. Steady-state and anisotropy FRET 
experiments were recorded on a Cary Eclipse fluorescence spectrometer from Varian Inc., 
Palo Alto CA (USA) and a Cary PCB 150 water peltier system using a 3 mm square cuvette 
from Hellma, Müllheim (Germany). Native FRET gels were imaged on a Molecular Dynamic 
Typhoon 9400 imager from Amersham Biosciences, Otelfingen (Switzerland), now part of 
GE Healthcare. 
Scintillation counts were performed on a scintillation counter 22000CA Liquid 
Scintillation Analyzer from Canberra Packard. Phosphoimaging was recorded on a Storm 860 
phosphoimager from Amersham Biosciences, Otelfingen (Switzerland), now part of GE 
Healthcare. 
The H2O used in all experiments was treated with a TKA genepure water purification 
system from TKA Wasseraufbereitungssysteme, Niederelbert (Germany). 
SmFRET and trFRET experiments were carried out using the equipment in the lab of 
Prof. D. Rueda at Wayne State University:[272] Single molecule FRET experiments were 
recorded on a total internal reflection microscope, where fluorescence excitation originated 
from total internal reflection of a circularly polarized 514 nm laser beam from an argon laser 
off the quartz surface. The microscope device is composed of a water immersion objective 
with a 1.2 numerical aperture, mounted on an inverted microscope. The emission was 
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recorded with a 12-bit cooled, intensified CCD (charged coupled device) camera. A 540-nm 
long-pass filter was used to block laser light scattered from defects in the quartz and the 
fluorescence emission was split with a dichroic 635 nm long-pass beamsplitter. The buffer 
exchange experiments were conducted using a home-built automated buffer exchange system. 
For trFRET experiments, the donor dye was repetitively excited at 514 nm with 90 ps-
duration pulses from a mode-locked argon ion laser. Isotropic fluorescence decay was 
detected up to at least 40'000 single-photon counts under magic angle conditions at 580 nm 
using a microchannel plate photomultiplier. The output was processed with a time-correlated 
single-photon counting system. The instrument response function (fxhm = 100 ps) was 
measured using a dilute solution of nondairy coffee creamer to scatter the laser pulses. 
 
5.3 Methods Chapter 2 (Av.D135)  
5.3.1 RNA preparation 
100 µg plasmid pEL08, which contains the Av.D135 sequence, was linearized over night 
with HindIII and subsequently purified to result in 50.8 µg cut plasmid (50.8 % yield). The 
RNA was transcribed in a 5 mL in vitro transcription assay using 5 µg restriction digested 
plasmid pEL08, 1 mM ATP, CTP; GTP, and UTP in 1x Transcription Buffer (40 mM 
TrisHCl, pH 7.5, 30 mM MgCl2, 40 mM DTT, 10 mM Spermidine, 0.01 % Triton X-100) and 
10 µL/mL selfmade T7 RNA polymerase.[271] The reaction was allowed to proceed for 3.25 
h at 37 °C and shaking (300 rpm). Transcription products were precipitated by adding 250 
mM NaCl and 3 volumes of ethanol and purified by denaturing 5% (w/v) PAGE. The RNA 
band was located by UV-shadowing, excised and eluted in Elution Buffer (10 mM MOPS, pH 
6.0, 1 mM EDTA, 250 mM NaCl) at 4 °C for 2 h. Eluted RNA was precipitated with 3 
volumes of ethanol and RNA pellets were dissolved in Storage Buffer (10 mM MOPS pH 
6.25, 10 µM EDTA). The Av.D135 concentration was determined spectroscopically from 
absorbance at 260 nm using the equation for concentration of large RNAs (c = A/(#NTP/100), 
#NTP = 628) yielding 0.73 µmol/mL Av.D135.  
 
5.3.2 RNA labeling 
Av.D135 was 3'-labeled with α-P32-dCTP using the Szostak/Splint method.[273] In a total 
volume of 60 µL, 6 µM Av.D135 was heated to 95 °C for 30 s together with 12 µM oligo 
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splint (5'- CGGAGCTTGCATG-3') in Annealing Buffer (14 mM TrisHCl, pH 7.5, 40 mM 
NaCl, 0.2 mM EDTA), then the mixture was left to cool to 42 °C over 1 h for annealing. 
45 µL α-32P-dCTP (10 µCi/µL) was added to the annealing mixture and labeling reaction 
performed using Klenow DNA Polymerase for 2 h at 37 °C and shacking (300 rpm) in 7 mM 
MgCl2, 1 mM DTT. 
Unincorporated nucleotides and salt were removed by passing the mixture over G50 
columns. The resulting flowthrough was purified on a denaturing 5% PAGE and full-length 
Av.D135 was located radiographically. Radioactively labeled Av.D135 was excised and eluted 
into Elution Buffer for 1 h at 4 °C, precipitated in 3 volumes of ethanol and dissolved in 
Storage Buffer.  
 
5.3.3 Tb3+ stock solutions 
TbCl3 stock solutions were prepared in a buffer of 5 mM Na-cacodylate, pH 5.5, to 
prevent formation of insoluble hydroxide species. 
 
5.3.4 Tb3+ cleavage reaction 
In a series of aliquots of a total volume of 5 µL, trace amounts (~1 nM) of 3'-labeled 
Av.D135 were combined with 1 µM unlabeled Av.D135 and heat-annealed in Tb3+-cleavage 
buffer (25 mM MOPS, pH 7.0, 0.5 M KCl) for 45 s at 95°C. The samples were immediately 
transferred to 42 °C and MgCl2 was added to a total concentration of 100 mM each. Then, the 
mixtures were incubated at 42 °C for 10 min. TbCl3 was added to final concentrations of 
0.025, 0.05, 0.075, 0.1, 0.25, 0.5, 0.75, 1, 2.5, 5, 7.5, 10 and 25 mM. Cleavage reactions were 
performed over 1h on ice before 5 µL formamide loading buffer (FLB: 80% (v/v) formamide, 
0.025% (w/v) xylene cyanol, 0.025% (w/v) bromphenol blue, 50 mM EDTA) was added to 
stop reaction. Samples were precipitated with 3 volumes of ethanol, then resuspended in 6 µL 
FLB and analyzed on 18% and 5% PAGE.  
An alkaline hydrolysis cleavage ladder was generated by incubating Av.D135 (trace 
amount of labeled RNA in a background of 1 µM unlabeled RNA as stated above) in 200 mM 
NaHCO3, pH 8.0 at 75 °C for 5 min. The cleavage reaction was quenched by addition of FLB. 
The T1-ladder, a G-specific sequencing ladder from partial digestion of the RNA with 
ribonuclease T1 (cuts after G), was generated by digesting Av.D135 with tRNA (0.04 mg) as a 
background and RNase T1 (100 mU) in 50 mM TRIS/HCl pH 7.5, 2 mM EDTA at 37 °C for 
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15 min. The reaction was stopped by addition of FLB. Both samples were loaded onto gels for 
analysis. 
 
5.3.5 Product band classification 
Bands on 15% polyacrylamide gel (Figure 22) were quantified using ImageQuant 
Software Version 5.2 from Molecular Dynamics (www.mdyn.com). Since single nucleotides 
could not be resolved over the entire gel because bands overlay towards the top of the gel due 
to closer spacing of nucleotide bands, quantification was difficult and product bands were 
classified at 2.5 mM Tb3+ into weak (5'000-13'000 cpm) and distinct (13'000-30'000 cpm) 
binding sites only. 
 
5.4. Methods Chapter 3 (D5-36-2AP) 
5.4.1 Preparation of RNA oligonucleotides 
Oligonucleotides containing 2AP 
The 2AP labeled RNAs D5-19-2AP (5'-AAGUCGC(2AP)CGUACGGUUCC-3'), D5-36-
2AP (5'-GGAGCCGUAUGCGAUGAAAGUCGC(2AP)CGUACGGUUCC-3') and D5-38-
2AP (5'-GGAGCCGUACGUGCGAUGAAAGUCGC(2AP)CGUACGGUUCC-3') were 
purchased from Dharmacon, Inc. (Lafayette, CO), dissolved in Storage Buffer (10 mM MOPS 
pH 6, 10 µM EDTA) and checked for purity by HPLC using the ion exchange column. The 
binding buffer was 0.02 AcOH/AcoNa, pH 6.0, 20% MeCN and RNA was eluted with a 
gradient from 0-1 M KCl over 50 min at a flow of 1 mL/min. Samples stored for more than 
one year were HPLC-purified on a reversed phase chromatography column preequilibrated in 
0.1 M triethylammonium acetate (TEAA) at pH 7.0 and eluted using an optimized gradient of 
7.5 - 25% acetonitrile (Biosolve) over 45 min at a flow of 1 mL/min according to 
protocols.[274] The purified RNAs were lyophilized and dissolved in Storage Buffer. The 
concentrations were determined by UV absorption at 260 nm and the extinction coefficients 
εD5-19-2AP = 164.3 mM–1cm–1, εD5-36-2AP = 328.5 mM–1cm–1 and εD5-38-2AP = 346.0 mM–1cm–1 
(http://eu.idtdna.com/analyzer/Applications/ OligoAnalyzer). 
 
Unlabeled oligonucleotides and 2-NH2-PuMP 
D5-36 (5'-GGAGCCGUAUGCGAUGAAAGUCGCACGUACGGUUCC-3') and D5-17 
(5'-GGAGCCGUAUGCGAUGA-3') were transcribed by in vitro standard transcription 
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protocols[239] using optimized conditions at 5 mM NTPs, 30 mM MgCl2, 1.2 µM synthetic 
DNA oligonucleotide templates TS-23 (5'-GAAATTAATACGACTCACTATAG-3') and D5-
17-OT (5'-TCATCGCATACGGCTCCTATAGTGAGTCGTATTAATTTC-3') or D5-36-OT 
(5'- GGAACCGTACGTGCGACTTTCATCGCATACGGCTCCTATAGTGAGTCGTATT-
AATTTC-3') for D5-17 and D5-36, respectively. The transcriptions were carried out over 
night using homemade T7 RNA polymerase[271] in Transcription Buffer (40 mM TrisHCl, 
pH 7.5, 40 mM DTT, 10 mM Spermidine, 0.01 % Triton X-100). RNA transcripts were 
purified by denaturing 18% (w/v) polyacrylamide gel elecrophoresis (PAGE) and the RNA 
band was located by UV shadowing and excised. The RNA was separated from gel by 
electroelution in 1x TE, precipitated by adding three volumes of ethanol and dissolved in 
Storage Buffer. Transcription yields were 0.04 mg/mL and 0.24 mg/mL for D5-17 and D5-36, 
respectively. 
2-NH2-PuMP was dissolved without further purification in Storage Buffer. 
 
5.4.2 2AP steady-state fluorescence spectroscopy 
All experiments were conducted in Standard Buffer (10 mM MOPS, pH 6.0, 10 mM KCl) 
if not stated otherwise. 
 
Two-piece D5 experiments: D5-17 and D5-19-2AP  
D5-17 and D5-19-2AP were mixed in a 1:1 ratio at 10 µM each in a total volume of 100 
µL. The solution was heated to 95°C for 1 min and left to cool down to room temperature 
over 15 min and subsequently transferred into the cuvette. Typically 20 aliquots of either 10 
mM MgCl2, CaCl2, MnCl2 or CdCl2 stocks, generated from the 1 M potentiometrically titrated 
stocks, were sequentially added in 0.5 µL steps to span the final metal ion concentration range 
of 0-1 mM. After every aliquot addition, the sample was manually mixed by pipeting up and 
down before the sample was excited at 310 nm and fluorescence emission was recorded from 
320 to 420 nm at a scan speed of 100 nm/min. Slits were set to 4 nm and the cuvette was 
thermostatted at 25°C. Maximal emission at 370 nm of each scan was plotted against 
corresponding metal ion concentration in graphs for further analysis. 
Fluorescence intensities from experiments of two-piece D5 and D5-19-2AP only were 
normalized via division by the corresponding value in the absence of metal ions. The 
corrected graphs were obtained by subtraction of the normalized data of D5-19-2AP from the 
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data of two-piece D5 normalized in the same way from the corresponding experiments with 
the identical metal ion. 
 
Full-length D5-36-2AP titrations 
A 100 µL aliquot of 1 µM full-length D5-36-2AP was heat-annealed at 95 °C for 45 s 
before solution was incubated for at least 15 min at RT before transferring it into a cuvette 
thermostatted at 25 °C. 2AP was excited at 310 nm (5 nm slit width) and the emission was 
recorded from 320-420 nm (15 nm slit width). Addition of divalent metal ions without change 
in RNA concentration was performed by exchanging 5 µL of the sample in the cuvette by 5 
µL of another solution containing 1 µM D5-36-2AP and metal ions in Standard Buffer. The 
second solutions was prepared the same way as the first solutions apart from the fact that 
metal ions were added to the solution 1-2 min after the initial heating step to prevent 
unspecific degradation of the RNA by high metal ion concentrations at high temperatures. 
The sample was mixed three times by pipeting up and down and the solution was left to reach 
equilibrium for 4 min before the data collection. Typically, 15 scans were recorded for metal 
ion concentration up to 15, 30, 62, 125 and 185 µM.  
Where present, DTT was also only added after the initial heating step to prevent 
decomposition of DTT at high temperatures. In experiments with DTT, MnCl2 concentrations 
were reduced to 0.04 mM in the second solution to optimally record fluorescence change and 
15 scans were recorded in the metal ion concentration range of 0-25 µM, whereas MgCl2, 
CaCl2 and CdCl2 concentration were at 0.1 mM and tested the metal ion concentration range 
from 0-62 µM.  
Measurements with HPLC-purified D5-36-2AP were conducted on a 100 µL aliquot of 
1 µM full-length D5-36-2AP heat-annealed as described above. Metal ion titration were 
performed by addition of 0.5 or 1 µL aliquots of concentrated metal ion stock solutions to 
give final concentrations of 0, 0.025, 0.05, 0.1, 0.15, 0.2, 0.44, 0.68, 0.91, 1.38, 1.85, 3.7 and 
6 mM for Mg2+, Ca2+ and 0, 0.015, 0.03, 0.05, 0.08, 0.1, 0.15, 0.2, 0.3, 0.48 and 0.72 for 
Mn2+. Maximal fluorescence emission at 370 nm was corrected for dilution and plotted versus 
metal ion concentration in graphs for further analysis.  
 
Control experiments 
Control experiments were conducted in the absence of DTT (except in oxygen scavenger 
experiments) and without correction for dilution. In experiments to test for photobleaching, 
the samples were either continuously excited at 310 nm while emission was recorded in 
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parallel at 370 nm or alternatively emission scans from 320-420 nm were recorded in intervals 
of 6 min. In the experiment to test for fluorescence change by addition of monovalent cations, 
15 aliquots (1 µL) of 1.4 M KCl up to a final concentration of 175 mM KCl were sequentially 
added to the sample in the cuvette. Concentration of 2-NH2-PuMP in experiments was set to 
0.7 µM and slit widths were 4 nm for excitation and emission. Otherwise, the experiments 
were done analogously to the ones described for the two-piece D5 experiments (see above). 
The experiments to test for influence of oxygen scavenger were performed in the presence of 
25 mM DTT and experiments for Mn2+ in the presence and absence of DTT were recorded 
over a final concentration range of 0-31 µM.  
 
Single site binding equation 
The titration curves were fitted with an equation describing the binding of a metal ion to 
RNA in a 1:1 fashion adapted from [25, 275, 276] multiplied by a term describing a linear 
decrease to mathematically combine the two separate effects that lead to fluorescence 
intensity change. The equation can be interpreted as binding of one metal ion to a single site 
in the RNA: 








0 )  (7) 
where x is final metal ion concentration, F0 is intensity at x = 0, Fmax is maximal 
intensity, R is RNA concentration, KD is dissociation constant and a is the slope of linear 
decrease. 
KD values given in text, figures and tables are averaged numbers from at least three 
independent measurements, and the curves depicted in graphs are representative examples 
from individual experiments. 
 
5.4.3 UV melting curves 
A series of 250 µL aliquots of 10 µM RNA samples in an aqueous solution of 100 mM 
KCl were heat-annealed for 1 min at 95°C followed by addition of metal ions to final 
concentrations of 0, 0.25, 0.5, 1, 2, 4, 6, 8, 10, 16, 20 MgCl2 or 0, 1, 4, 10, 20 mM CaCl2 and 
incubation for at least 10 min at RT. The samples were centrifuged and degassed for 30 s 
under vacuum to get rid of dust particles and dissolved oxygen. The samples were transferred 
to a 0.1 cm cuvette and covered by a layer of 50-100 µL paraffin oil to avoid evaporation. In 
addition, the cuvette was capped and the cap was fixed by wrapping with parafilm. The 
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cuvette was then heated with a rate of 0.5 °C/min and the absorption recorded at 260 nm over 
the temperature range from 20 to 95 °C. The data from three repeated heating and cooling 
cycles was gathered to check for reproducibility and reversibility and used for analysis. The 
melting experiments of D5 with MgCl2 were conducted by Siran Lu during a student project 
preceding this work. 
To check for the effect on thermal stability by the substitution of A25 with 2AP in the 
bulge, melting experiments of D5 and D5-36-2AP in Standard Buffer were measured in 0 mM 
or 1 mM MgCl2 and otherwise as described above. Data in Figure 35b is normalized to values 
between 0 (minimum) and 1 (maximum). 
Melting curves were fitted with either an equation describing one transition with a linear 
increasing baseline in the folded state (equation 8) or an equation with two transitions and a 
linear increasing baseline in the folded state (equation 9). Both equations are derived from 





































where x is the temperature in °C, b is the absorption at x = 0, m is the melting slope, f 
stands for folded, u for unfolded, i for intermediate state, A is the absorbance, ∆H is the 
enthalpy change and Tm is the melting temperature.  
 
5.5 Methods Chapter 4 (smFRET) 
5.5.1 Preparation of Sc.D135 derived RNAs and DNA-oligonucleotides 
Sc.D135-L1 and Sc.D135-L4. The Sc.D135 ribozyme sequence derived from the S. 
cerevisiae intron Sc.ai5γ encoded on the plasmid pT7D135 was modified by insertion of two 
loops with the length of 18 nts each. The sequence L1 (3'-
CCCAAAUUAAUAACGCUCUUGGUAG-GG-5') was placed between residues 276 and 
305 on the d2b stem of D1 or the residues 681-806 in D4 (Figure 42) using standard PCR 
cloning technique giving the plasmids pT7D135-L1 and pT7D135-L1. 
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The RNAs were transcribed in 5 mL in vitro transcriptions using 7.5 µg/mL HindIII 
digested plasmids, 5 mM ATP, CTP, GTP, and UTP in 1x Transcription Buffer (40 mM 
TrisHCl, pH 7.5, 20 mM MgCl2, 40 mM DTT, 10 mM Spermidine, 0.01 % Triton X-100) and 
10 µL/mL selfmade T7 RNA polymerase.[271] The reactions were allowed to proceed for 5-6 
h at 37 °C and shaking (300 rpm). Transcription products were precipitated by adding 250 
mM NaCl and 3 volumes of ethanol and purified by denaturing 5% (w/v) PAGE. The RNA 
bands were located by UV-shadowing, excised and eluted in Elution Buffer (10 mM MOPS, 
pH 6.0, 1 mM EDTA, 250 mM NaCl) at 4 °C for 2 h. Eluted RNA was precipitated with 3 
volumes of ethanol and RNA pellets were dissolved in Storage Buffer (10 mM MOPS, pH 
6.25, 10 µM EDTA). The RNA concentration was determined spectroscopically from 
absorbance at 260 nm using the equation for concentration of large RNAs (c = A/(#NTP/100), 
#NTP = 612 and 634 for Sc.D135-L1 and Sc.D135-L4, respectively) yielding 0.3 µmol/mL 
RNA. 
 
Sc.D135-L14. The sequence for Sc.D135-L14 was generated by replacing the residues 
681-806 in D4 on plasmid pT7D135-L1 by the sequence L2 (3'-CCCAAAUAUAUUU-
CGGACUACGUAGGG-5') using PCR (vide infra) giving the plasmid pT7D135-L14. 
Transcription reactions were performed as described for Sc.D135-L1 and Sc.D135-L4 
resulting in equal transcription yields (#NTP = 638) for Sc.D135-L14 RNA.  
 
Sc.D135-L1α, Sc.D135-L1β and Sc.D135-L1κ. The Sc.D135-L1α, Sc.D135-L1β and 
Sc.D135-L1κ RNAs were prepared analogously to Sc.D135-L14. The sequence encoded on 
the plasmid pT7D135-L14 was modified with L2 at positions 36-45, 159-161 or 207-210 for 
plasmids pT76D135-L1α, pT76D135-L1β or pT76D135-L1κ, respectively. Transcriptions 
were carried out as described and resulted in roughly equal yields of 0.3 µg/mL for Sc.D135-
L1α, Sc.D135-L1β and Sc.D135-L1κ. 
 
Sc.D135-L14-Cy5 and Sc.D1-L1-Cy5 
The plasmid sequence on pT7D135-L14 was modified by point mutation PCR to harbor 
an additional EcoRI restriction site at the end of D1/D2 to yield the plasmid pT7D1-L1-ER. 
After the PCR, the product was treated with DpnI for 1 h at 37 °C to digest the original 
plasmid pT7D135-L14. The plasmid pT7D1-L1-ER was then linearized with EcoRI to obtain 
a construct of D1 only.  
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Transcription reactions (5 mL) of digested pT7D135-L14 (HindIII-digest) and pT7D1-
L1-ER (EcoRI-digest) were carried out in a mixture of 7.5 µg/mL digested plasmid, 5 mM 
ATP, CTP and UTP, 1 mM GTP and 4mM GMPS in 1x Transcription Buffer for 5 h at 37 °C 
using 10 µL/mL selfmade T7 RNA polymerase[271] to yield 5'-GMPS-labeled Sc.D1-L1-
GMPS and Sc.D135-L14-GMPS.  
Subsequently, the transcription buffer was exchanged using Vivaspin columns to 10 mM 
HEPES, pH 7.5, 1 mM MgCl2, the sample volume was reduced to 0.5 mL and any residual 
molecules (i.e. salts, unincorporated nucleotides) of MW < 5000 Da were removed using 
Vivaspin columns. RNAs were oxidized at their 3'-ends using 5 mM KIO4 for 20 min with 
shaking (300 rpm) at 3 °C. RNAs were then precipitated by addition of 250 mM NaOAc and 
3 volumes of EtOH and cooling for 2h at -80 °C. Pellets were resolved in 100 µL 50 mM 
NaOAc, pH 5.0 and biotinylated with a saturated biotin hydrazine solution (1 µL) over night 
with shaking (300 rpm) at 4 °C. Biotinylated RNAs were then EtOH precipitated with 3 
volumes of EtOH and pellets were dissolved in 50 µL Labeling Buffer (10 mM TRIS, pH 7.2, 
2 mM EDTA, 1 mM TCEP). RNA yields were 1.4 µg/mL Sc.D1-L1-GMPS (#NTP = 418) 
and 1.2 µg/mL Sc.D135-L14-GMPS (#NTP = 638). RNA solutions were degassed and the 
biotinylated RNAs were labeled in the dark over night at RT by the addition of 3 aliquots (0.5 
µL) of Cy5-maleimide (thiol-reactive probe, 45 mM in DMSO) after 0, 0.75 and 1.75 h at RT 
and shaking (300 rpm). Labeling reactions were stopped after 18 h by EtOH precipitation 
(250 mM NaOAc, 3 volumes EtOH) and RNA pellets were dissolved in 40 µL Labeling 
Buffer. Labeling efficiencies were found to be 14 % for Sc.D1-L1-Cy5 and 2.3 % for 
Sc.D135-L14-Cy5. 
All attempts to label the carboxylic acid at the 3'-end of Sc.D1-L1 (transcribed and 
oxidized with of KIO4 as described above) as well as a shorter RNA D1ssh (5'- 
GGAAUAUGCUCAACGAAAGUGAAUCAUUCGUGAGAGCUAAGUUCC-3', gift from 
Bernd Knobloch, oxidized with KIO4) with Alexa Fluor 647 cadaverine (aliphatic amine, a 
potential carboxylic acid-reactive reagents and an Cy5-analog) in a buffer of 0.1 M CDI, 0.1 
M imidazole, pH 6.0 were unsuccessful. 
 
Polymerase chain reactions (PCR) 
The PCR reactions were carried out using 0.55 µL Pfu polymerase (2.5 U/µL). To 
introduce the loop sequences, 0.3 µg initial plasmid, 1 µL primers P1 and x1 (100 µM each) 
or P2 and x2, and 1 µL dNTP-Mix (10 mM ATP, CTP, GTP and TTP each) were mixed with 
Pfu polymerase in 10 µL 1x Pfu buffer in a first PCR and the PCR products R1 or R2 were 
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generated using a PCR method of 25 cycles of melting for 1 min at 95 °C, annealing for 30 s 
at 55 °C and elongation for 2 min at 72 °C. PCR products were separated on 1 % agarose gels 
and subsequently extracted from the gel. In the second PCR reaction, 5 µL products R1 and 
R2 were added with 1 µL dNTP mix 
and Pfu polymerase in 10 µL 1x Pfu 
buffer and the PCR was conducted 
using the method described above to 
result in the desired full length 
plasmid inserts. 
Scheme 1. Primer location. 
 
Primer sequences 
The end primers for the polymerase reactions were P1 (5'-GGGCGAATTCGTGAATT 
GTAATACGAC-3') and P2 (5'-CTACCCAAGCTTGCATGCCTGCAGG-3') (Scheme 1). 
The primer sequence x1 and the primer sequence x2 depending on the plasmid were: 
pT7D135-L1: x1, 5'-CCCTACCAAGAGCGTTATTAATTTGGGATAATAATTGAAT 
ATCAGACAGGTTTTCAATTAGTGGTG-3', x2, 5'-CCCAAATTAATAACGCTCTTGGT 
AGGGATAAAATGGTTGATGTTATGTATTGGAAATGAGC-3' 
pT7D135-L4: x1; 5'-CCCTACCAAGAGCGTTATTAATTTGGGTATCACCTATAGT 
ATAAGTTAGCAGATTTTCATC-3'; x2, 5'-CCCAAATTAATAACGCTCTTGGTAGGGT 
ATTGCGTGAGCCGTATGC-3' 
pT7D135-L14: x1, 5'-CCCTACGTAGTCCGAAATATATTTGGGTATCACCTATAGT 
ATAAGTTAGCAGATTTTCATC-3'; x2, 5'-CCCAAATATATTTCGGACTACGTAGGGT 
ATTGCGTGAGCCGTATGC-3' 
pT7D135-L1α: x1, 5'-CCCTACGTAGTCCGAAATATATTTGGGGGTAAATATTAT 
TTATGATAACTTTCAGACCGCTC-3'; x2, 5'-CCCAAATATATTTCGGACTACGTAGG 
GGGATAAATTATATTTTTATCAATATAAGTCTAATTACAAGTGTATTAAAATGG-3' 
pT7D135-L1β: x1, 5'-CCCTACGTAGTCCGAAATATATTTGGGATAAAATAACTG 
TCAAGAATATGGATACTTTTGTCATTACAGC-3'; x2, 5'-CCCAAATATATTTCGGAC 
TACGTAGGGATAAAAAAAAGATGAAGGAACTTTGA CTGATC-3' 
pT7D135-L1κ: x1, 5'-CCCTACGTAGTCCGAAATATATTTGGGGTTGAGCATATT 
AGATCAGTCAAAGTTCC-3'; x2, 5'-CCCAAATATATTTCGGACTACGTAGGGGTGA 
ATCAAATGTTATAAAATTACTTACACCAC-3' 
Underlined nucleotides indicate inserted loop sequences. Loop sequence L1 was inserted 
into pT7D135 to result in pT7D135-L1 and pT7D135-L4 and loop sequence L2 was inserted 
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into pT7D135-L1 to result in pT7D135-L14, pT7D135-L1α, pT7D135-L1β and pT7D135-
L1κ. 
Primer sequences to introduce the EcoRI restriction site into pT7D135-L14 and to result 
in pT7D1-L1-ER were: x1, 5'-GATATTTACGTATTTATGATAAAACAGAATTCACCCTC 
TTCGG-5'; x2, 3'-CCGAAGAGGGTGAATTCTGTTTTATCATAAATACGTAAATATC-
3'. Underlined positions indicate mutated nucleotides. 
 
DNA-oligos Cy3-DNA, Cy5-DNA, T-Biotin and substrates 17/7, 17/7-dC 
The biotinylated DNA strand T-Biotin (5'-Biotin-TGCATGCCTGCAGGTCGACTCTA-
3'), Cy3-DNA (5-Cy3-ACCAAGAGCGTTATTAAT-3') and Cy5-DNA (5'-Cy5-
ACGTAGTCCGAAATATAT-3') were purified by denaturing 18%-PAGE and subsequent 
C8-reversed phase HPLC chromatography as described for AP-containing RNAs.[143] The 
RNA-substrates 17/7 (3'-UGGCGAGCUUUUACAGGGUGGUGC-5', 2'-protected) and 17/7-
dC (3'-UGGCGAGdCUUUUACAGGGUGGUGC-5', 2'-protected), unlabeled or 5'-Cy5-
labeled, were deprotected as suggested by the manufacturer and subsequently also gel- and 
HPLC-purified.[143] 
 
DNA-oligos T-Biotin2 and T-D1 
T-Biotin2 (5'-Biotin-TGCATGCCTGCAGGTCGACTCTAX-3') and T-D1 (5'-
CTTTTACCCTCCGAAGAGGGTTX-3') were ordered containing a C7-aminolinker (X). The 
oligonucleotides were PAGE purified as described above and subsequently, 0.3 µM DNA-
oligo was labeled in a total volume of 100 µL with 14 µL Cy5-maleimide (20 M in DMSO) in 
20 mM NaCO3, pH 8.5. The labeling reaction was carried out at RT overnight with shaking 
(300 rpm). Labeled DNA-oligos were separated from unlabeled fraction and purified using 
C8-reversed phase HPLC chromatography as described above and stored in H2O. 
 
5.5.2 Single-turnover cleavage assay  
The substrates 17/7, 17/7-Cy5, 17/7-dC and 17/7-dC-Cy5 were 5'-labeled with γ-32P-ATP 
and T4 polynucleotide kinase using standard procedures or 3'-labeled by the Szostak-Splint 
method using the 17/7-Splint (5’-Cy5-GUGGUGGGACAUUUUCGAGCGG-3’), α-32P-CTP 
and Klenow DNA polymerase as described for Av.D135.[273]  
DNA-oligos were in 6 fold excess over RNAs to avoid free ribozyme in the experiments. 
Cy3-DNA, Cy5-DNA and T-Biotin (600 nM) were heat-annealed to Sc.D135-L14 (100 nM) 
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at 90°C for 1 min in Reaction Buffer (80 mM MOPS pH 6.9, 500 mM KCl) followed by Mg2+ 
addition and incubation at 42°C for 15 min in varying amounts of MgCl2. 32P-Labeled 17/7 or 
17/7-dC (1 nM) was separately incubated in reaction buffer and MgCl2 and then added to 
annealed, biotinylated and Cy3/Cy5-labeled ribozyme to start the cleavage reaction. All 
cleavage reactions mentioned for RNAs other than Sc.D135-L14 were conducted as described 
for Sc.D135-L14, only that experiments with Sc.D135-L1 and Sc.D135-L4 were missing Cy3-
DNA, Cy5-DNA and T-Biotin and contained 32P-labeled substrates 17/7-Cy5 and 17/7-dC-
Cy5 as described in the text, figures and tables. Aliquots (1 µL) were removed from the 
reaction mixture (20 µL) at specific points in time and analyzed on 18% polyacrylamide gels. 
Reaction rate constants were determined by quantification of gels and fitting to single 
exponential expression: 
[ ] kteA)A(oductPrfrac −×−−= 211     (10)  
with A1 being the fraction of uncleaved substrate, A2 the fraction of product formed, and 
k the first order rate constant in min–1. In some experiments the ribozyme complex was not 
prefolded in MgCl2, but Mg2+ was added only with the substrate IBS to initiate folding and 
cleavage reaction. 
The first order rate constants were plotted in respect to increasing [Mg2+] and fit to a 







= + nx+      (11)  
where KMg is the [Mg2+] at half maximum rate and n represents the cooperativity 
constant. 
 
5.5.3 Native gel assay 
Samples (5 µL) containing Cy3-DNA (10 nmol), ribozyme (15 nmol) and Cy5-DNA (30 
nmol or as indicated) were denatured in Reaction Buffer for 45 s at 90-95 °C. 6 mM MgCl2 
was added and samples were allowed to prefold for 15 min at 42 °C in a final volume of 5 µL. 
An equal amount of glycerol was added and the samples were loaded onto a 6 % (w/v) gel 
containing 3 mM MgOAc and 66 mM HEPES, 34 mM Tris, pH 7.4 (RT) as described. 
Elecrophoresis was performed for 1-2h at 4°C in a buffer of the same conditions as 
described.[278] Fluorescence bands of Cy3 and Cy5 on the gels were detected on a Typhoon 
molecular scanner. RNA bands were stained in an EtBr bath (5 µl EtBr/500 mL H2O) for 15 
min and destained for 5 min in H2O for RNA band detection by UV excitation at 260 nm. 
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5.5.4 Steady-state FRET kinetic assay  
Ratios of Cy3-DNA : ribozyme : Cy5-DNA were chosen to be 1:2.5:6 to minimize 
unbound amount of Cy3-DNA and maximize Cy5-binding to ribozyme for optimized 
fluorescence transfer. Cy3-DNA (0.1 µM), Sc.D135-L14 (0.25 µM) and Cy5-DNA (0.6 µM) 
were denatured at 90 °C for 1 min in reaction buffer and subsequently incubated at 42°C for 
15-20 min. Reaction mixture (100 µL final) was excited at 555 nm and emission was recorded 
at 565 nm and 665 nm on a Cary Eclipse Fluorescence Spectrometer. Slits were set to 5 nm 
and sample was thermostatted at 42 °C. Emission time courses were measured for 15 min 
after addition of varying amounts of MgCl2 in the range of 0-100 mM. 
Normalized absolute FRET changes (FRETt(15)/FRETt(o)) were plotted against Mg2+ 
concentrations for analysis of overall Mg2+ dependency of folding by the Hill equation (2). 
Time courses of FRET ratio (defined as EFRET = IA/(ID + IA)) were fitted with a single 
exponential expression. 
 
5.5.5 Anisotropy measurements  
Cy3-DNA (0.15 µM) or Cy5-DNA (0.5 µM) in the presence and absence of Sc.D135-L14 
(0.3 µM) were prepared and folded in 100 mM MgCl2 as described for ssFRET measurement. 
Anisotropy experiments were conducted in a cuvette (100 µL) to measure fluorescence 
polarization using polarized filters on the spectrophotometer. Fluorescence intensities (I) of 
polarized excitation and emission in vertical (v, 0°) and horizontal (h, 90°) positions were 
recorded in all four possible combinations Ivv, Ivh, Ihv, Ihh. The anisotropy value r was 












g =      (12)  
 
5.5.6 Time-resolved FRET measurements 
Samples for trFRET measurements were prepared using the same Cy3-DNA:Sc.D135-
L14*:Cy5-DNA ratios and procedure as described for ssFRET assays. Time-resolved FRET 
(trFRET) measurements were recorded by collecting time-resolved emission profiles of the 
Cy3 donor in samples (150 µL) at 0, 10. 30. 50. 70 and 100 mM up to > 40'000 peak counts 
using time correlated single photon counting as described.[279] Data analysis to derive 
distance information was performed using the time resolved fluorescence decays of sample 
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with donor and acceptor and one employing a donor-only RNA complex using a model of 
distance contributions as described.[280, 281] Since the pulsed excitation at 514 nm and the 
isotropic detection under magic angle conditions at 530 nm were optimized to the 
tetramethylrhodamine/fluorescein (T/F) FRET pair, the resulting mean distances had to be 
corrected by a factor of R0(Cy3/Cy5)/R0(T/F) = 45 Å/55 Å[281] to result in the corresponding 
mean distances for the Cy3/Cy5 FRET pair. 
 
5.5.7 Single molecule FRET experiments  
Cy3-DNA, Cy5-DNA and T-Biotin (10 µM each) were heat-annealed to Sc.D135-L14 
(1 µM) in Reaction Buffer containing 0.5% mercaptoethanol. After MgCl2 addition (0-100 
mM final) the reaction mixture (10 µl) was incubated at 42°C for 15-20 min. The FRET-
labeled, biotinylated and annealed Sc.D135-L14* complex was diluted to ~25-50 pM and 
bound to a streptavidin-coated quartz slide surface. Excess Cy3-DNA, Cy5-DNA and T-
Biotin oligos were removed from the slide via a washing step with Reaction Buffer. An 
oxygen scavenging system consisting of 10% (wt/v) glucose, 2% (v/v) 2-mercaptoethanol, 50 
µg/mL glucose oxidase, and 10 µg/mL catalase was used in all experiments to reduce 
photobleaching. All smFRET experiments were carried out at room temperature according to 
previously described procedures.[261, 282, 283]  
The donor (ID) and acceptor (IA) fluorescence signals of optically resolved single 
molecules were recorded on a total internal reflection fluorescence microscope as 
described.[261, 283] Donor and acceptor signals were found to bleach in a single step, 
confirming the presence of single molecules. Single molecule traces showing dynamics and 
before photobleaching of typically more than 150 molecules at each concentration were 
manually selected and EFRET values for individual Mg2+ concentrations were accumulated in 
histograms. Histogram distributions were analyzed with a double or triple gaussian equation 
to reveal reoccurring mean FRET values. Dwell times from single molecule trajectories were 
calculated and plotted in dwell time histograms for calculation of rate constants as 
described.[282] Control experiments in the absence of Sc.D135-L14 or T-Biotin did not 
exhibit any conformational dynamics, ruling out non-specific interactions between the label 
DNA or the RNA and the quartz surface. All RNA systems studied to date exhibit only 
negligible perturbations from surface immobilization.[260] 
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